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ABSTRACT OF THE DISSERTATION 
 
Sensory Analysis and Health Risk Assessment of Environmental Odors 
 
by 
 
Scott Kevin Braithwaite 
Doctor of Environmental Science and Engineering 
University of California, Los Angeles, 2019 
Professor Irwin H. Suffet, Chair 
 
 Exposures to environmental odors often result in complaints that local air inspectors must 
address. Current practices vary around the world, so interviews were conducted with experts to 
gather the latest approaches. Several trends were apparent: odor limits based on number of 
dilutions are ineffective, working directly with the complainant to verify that an odor is present 
and then tracing it to the source is the first line of inquiry, and lengthy lists or scales of odor 
descriptors (e.g., type of odor, hedonic tone, intensity) are unnecessary for initial investigations. 
When further investigation is required, due to overlapping odor sources or ongoing complaints, 
the steps of traditional risk assessment apply (hazard identification, dose-response assessment, 
exposure assessment and risk characterization). Unlike the exposure and risk assessment of 
conventional air pollutants, the human sense of smell can be used as a detector by the air 
inspector or a trained panel. Analytical instruments then confirm or further explore the exposure 
to individual odorant compounds. The hazards from odor exposure, including both irritation and 
 iii 
smell, are usually headache or nausea but also can include stress and emotional responses. Dose-
response relationships pass through several thresholds, the most commonly used being the odor-
detection threshold for 50% of a sensory panel (ODTC50). In addition, acute and chronic health 
hazard thresholds for odorants and odorless co-pollutants can be applied to air monitoring 
results, as demonstrated by several case studies. 
 For complex or unresolved odor exposures, sensory methods such as the Odor Profile 
Method have identified culprit odorants using an odor wheel, panel assessment of the intensity of 
the odor, and location information to identify the odor source. Confirmation is provided by 
analytical techniques, such as gas chromatography with a sensory port and parallel mass 
spectrometry. The promise of electronic noses that mimic the human sense of smell remains 
allusive, often failing to perform as well in the field as in the laboratory. The current path 
forward for environmental odor exposure assessment includes population-based metrics of odor, 
such as odor diaries and plume monitoring by panels, confirmed by modern analytical 
techniques. 
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affect adversely an individual or group 
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antagonism Joint action of two or more stimuli, whose combination elicits a level 
of sensation lower than that expected from superimposing the effects of 
each stimulus taken separately (see also synergism) 
APHA American Public Health Association 
aroma An individual odorant or mixture sensed by smell, usually with a 
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chemoreceptor A sensory receptor that transduces a chemical signal into an action 
potential 
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cross-modal scaling Technique by which the perceived intensities of stimuli in one 
modality (such as taste) are matched to the perceived intensity of 
stimuli in another modality (such as smell) 
D/T dilution-to-threshold ratio – the number of dilutions required to make 
an odor non-detectable; some use this term only for measurements in 
the field) 
DDO dynamic dilution olfactometry – an instrument delivers variable 
dilutions of odorous samples to a panelist’s nose port or mask, usually 
with the aim of identifying the number of dilutions until 50% of the 
panel cannot distinguish the odor from odorless air 
dose-response Second step of risk assessment, examines the numerical relationship 
between exposure and effects 
dysosmia Distortion of the sense of smell 
e-nose electronic nose – non-specific gas sensor array that uses machine 
learning to identify odors 
EEA European Environment Agency 
epithelium Tissues that line the outer surfaces of organs and blood vessels 
throughout the body, as well as the inner surfaces of cavities in many 
internal organs 
exposure Third step of risk assessment, examines the frequency, duration, and 
level of contact with a stressor 
fatigue A decline in capability of the sensory system due to excessive 
stimulation (see also adaptation) 
FIDOL frequency, intensity, duration, offensiveness, location 
FIDOR frequency, intensity, duration, offensiveness, receptor sensitivity 
 xiii 
flavor Complex combination of the olfactory, gustatory and trigeminal 
sensations perceived during tasting  
Total of sensations from stimulation of the chemical senses in the oral 
and nasal cavities, namely taste (gustation), olfactory (smell) and 
trigeminal (nasal irritation, tingling and cooling) receptors  
Flavor Profiling® Descriptive analysis technique in which a small, trained sensory panel 
of 4 or more assesses aroma, flavor and mouth-feel using a specific 
methodology and selected terms from a predefined lexicon (such as 
odors wheels in Appendix A) 
GC gas chromatography 
GC-Sensory Gas chromatography with a tandem olfactory port. Also called GC-O 
(olfactometry) and GC-Sniff, and is usually combined with parallel 
mass spectrometry. 
H2S hydrogen sulfide 
habituation See adaptation 
hazard identification First step of risk assessment, examines whether a stressor has the 
potential to cause harm and under what circumstances 
hedonic tone See odor hedonic tone 
hyposmia Partial loss of the sense of smell 
intensity See odor intensity 
IPCS WHO International Programme on Chemical Safety 
irritation State of inflammation or painful reaction 
ISO International Standards Organization 
Log Logarithm, typically performed in base 10 for odor intensity (rather 
than natural logarithm) 
m3 cubic meter 
malodor An odor with a negative hedonic tone 
masking Phenomenon where one quality within a mixture obscures one or 
several other qualities present 
mg/m3 milligram per cubic meter 
 xiv 
MS mass spectrometry 
MSW  municipal solid waste 
NH3 ammonia 
NASA U.S. National Aeronautics and Space Administration 
Nasal Ranger® A commercially available field olfactometer 
NIOSH U.S. National Institute of Occupational Safety and Health 
note See odor note 
NRC U.S. National Research Council 
nuisance Adverse effect due to repeated annoyance, typically over an extended 
period 
odor An individual odorant or mixture sensed by smell, usually with a 
negative hedonic tone 
odor character See odor note 
odor descriptor Includes the three sensory descriptors (odor note [character], odor 
hedonic tone and odor intensity) plus the frequency, duration and 
source direction of the odor 
odor hedonic tone Perceived pleasantness or unpleasantness of an odor (smell). Typically 
assessed using a numerical scale or descriptive words ranging from 
extremely unpleasant to neutral to extremely pleasant. 
odor intensity Magnitude of the perceived strength of an odor (smell), often assigned 
scores or placed on a scale 
odor note Distinctive and identifiable feature of an odor, such as floral, rotten 
egg, musky, woody, fruity, tingling 
Odor Profile Method Combines Flavor Profiling® and cross-modal scaling to describe odors 
and identify odorants within mixtures 
odorant Substance whose volatiles can be perceived by the olfactory organ 
ODTC50 odor detection threshold concentration (the concentration range below 
which the odor is not readily detectable by 50% of panelists, calculated 
as the geometric mean)  
OEL occupational exposure limit 
 xv 
olfaction Sense of smell 
olfactometer See DDO and D/T 
olfactory odorant Odorant that activates olfactory neurons. Pure olfactory odorants (e.g., 
hydrogen sulfide) stimulate only the olfactory system, while bimodal 
odorants (e.g., menthol) activate both the olfactory and trigeminal 
neural systems. 
olfactory receptor 
neuron 
Olfactory receptor cell that extends from the nasal epithelium into the 
olfactory bulb 
OOTC50 odor objection threshold concentration, which is the lowest 
concentration at which an odor becomes an annoyance to 50% of 
panelists 
order of magnitude Ten-fold difference 
ORTC50 odor recognition threshold concentration, which is the lowest 
concentration at which an odor note (character) can be identified and 
described by 50% of panelists  
minimum physical intensity of a stimulus for which an assessor will 
assign the same descriptor each time it is presented 
orthonasal Exposure pathway via the nose (nostrils) to the nasal cavity  
OSHA U.S. Occupational Safety & Health Administration 
OU or OU/m3 Odour Unit – number of dilutions until 50% of panelists cannot 
distinguish the odor from odorless air 
OUE or OUE/m3 European Odour Unit – defined as the amount of odorants from a 
sample that, when evaporated into 1 m3 of odorless gas at standard 
conditions, elicits a physiological response from a panel equivalent to 
that elicited by 1 European reference odour mass (123 μg of n-butanol, 
the detection threshold) evaporated in 1 m3 of odorless gas at standard 
conditions. Through the use of n-butanol as a reference odour, the OUE 
attempts to account for variation in detection thresholds of the panelists 
across Europe. 
panel Group of assessors participating in a sensory test. They often are 
screened and trained. 
pathway Media and transport mechanism for an odorants to pass from the source 
to the receptor, such as air dispersion 
 xvi 
PEL OSHA Permissible Exposure Limit 
physicochemical 
property 
Fundamental properties of a chemical such as molecular weight, 
boiling point, vapor pressure, partition coefficients, dissociation 
constants, and half-life. Odorants also poses these properties. The 
corollary for odorants is odor property (sensory descriptors). 
ppb part per billion (10-9) 
ppm part per million (10-6) 
ppt part per trillion (10-12) 
psychophysics A discipline within psychology that quantitatively investigates the 
relationship between physical stimuli and the sensations and 
perceptions they affect 
pungency See chemesythesis 
receptor Person smelling the odor, typically workers or residents 
rendering Processing of animal byproducts into items such as glue, candles and 
pet food 
retronasal Exposure pathway via the mouth and throat to the nasal cavity 
risk assessment Method of predicting the likelihood of a harmful effect to individuals 
or populations from human activities, such as from chemical exposures 
risk characterization Fourth step of risk assessment, integrates the exposure and dose-
response information to predict the nature and extent of the risk 
risk driver Chemical that contributes the most to and dominates the estimated risk, 
or in the case of odors the odorant that dominates 
scale Reference scale uses reference samples to define an attribute or 
specific intensities of a given attribute. 
Ordinal scale is when the values allocated corresponds to the order of 
the intensities perceived for the property being assessed. 
Interval scale is, in addition to possessing the attributes of an ordinal 
scale, distinguished by the fact that equal differences between 
numerical values correspond to equal differences between properties 
measured (in sensory analysis, perceived intensities). 
Scentometer A commercially available field olfactometer 
 xvii 
Scentroid SM100 A commercially available field olfactometer 
score Value assigned that describes the specific location of a stimulus 
material in the possible range of intensities for that attribute 
SIFT-MS selected-ion flow-tube mass spectrometry – mass spectrometry that 
first reacts the air sample with a set of ions in a flow tube upon 
injection, which aids in subsequent chemical identification  
significant figures Number of digits that carry meaning 
source Location or process from where odorants originate  
STEL Short Term Exposure Limit 
subchronic Between acute and chronic 
suppression See antagonism 
synergism Joint action of two or more stimuli, whose combination elicits a level 
of sensation in excess of that expected from a simple addition of the 
effects of each stimulus taken separately (see also antagonism) 
TLV ACGIH Threshold Limit Value 
triangle test Discrimination test for overall difference during which panelists judge 
which of three samples is different (two are the same) 
trigeminal odorant Odorant that activates trigeminal neurons to sense irritation, tingling 
and cooling. Pure trigeminal odorants (e.g., carbon dioxide) stimulate 
only the trigeminal system, while bimodal odorants (e.g., menthol) 
activate both the olfactory and trigeminal systems. 
TRS total reduced sulfur compounds 
TWA time-weighted average 
uncertainty As part of risk characterization (fourth step of risk assessment), 
examines how well the data support the conclusions by acknowledging 
the assumption and inherent variability in the underlying data and, if 
possible, conducting a sensitivity analysis  
unimodal odorant Odorant that activates either the olfactory system or the trigeminal 
system, but not both. Odorants that activate both systems are referred 
to as bimodal odorants. 
USEPA U.S. Environmental Protection Agency 
 xviii 
VDI Verein Deutscher Ingenieure (Association of German Engineers) 
VOC volatile organic compound 
VSC volatile sulfur compound 
WHO World Health Organization 
WWTP wastewater treatment plant 
µg/m3 microgram per cubic meter 
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CHAPTER 1: Introduction to the Dissertation 
 
1. Background 
 
Air quality throughout the United States has improved greatly over the past 50 years 
(USEPA, 2018), including in California (CARB, 2019). Nuisance odor complaints, however, 
continue to occupy a substantial portion of an air quality inspector’s duties. Such complaints 
range from minor annoyance to more substantial impacts on health and wellbeing. More than 
half of the complaints received by air pollution agencies worldwide concern malodors (Kaye and 
Jiang, 2000), which holds true as well for the United States (Leonardos, 1995; National Research 
Council, 1979) and California (Curren, 2012). 
 Responding to odor complaints, however, is full of complexities. An odorous emission is 
typically a mixture of volatile chemicals rather than a single, easily identified compound. Even 
when present only at trace concentrations, most volatile emissions remain above their sensory 
thresholds and have the potential to adversely impact nearby communities (Sucker et al., 2008a). 
As a further complexity, the variability in odor perception and interpretation can be vexing to 
scientific approaches that seek to quantify, and thereby set limits for, any such nuisance. What is 
intolerable to one person can go unnoticed by another. Not surprising, both physiological and 
psychological factors, such as personality and risk aversiveness, come to bear with odor 
perception (Gostelow et al., 2001). 
Our sense of smell is constantly sampling the environment and assessing its quality. To 
this end, the olfactory system requires more of our genetic code than any other sense (Buck, 
2004). Unpleasant odors (malodors) act as warnings to avoid the odor source, such as spoiled 
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food. Continual signaling can lead to the public’s concerns that the air is “unhealthy.” The 
hedonic signals, however, can be misleading, and some odorless compounds are deadly (e.g., 
carbon monoxide). Further, some people have no sense of smell (anosmics), so they must rely on 
other senses instead. 
Residents often have economic concerns, too. The proximity of industry to their homes 
can have a negative impact on property values. For example, housing near wastewater treatment 
plants has been reported to be up to 15% lower in value (van Broeck et al., 2009). The residents’ 
wellbeing and ability to have visitors at their home may be impacted as well.  
 Increased urbanization globally has led to residential encroachment and proximity to 
industrial facilities. The primary industries that tend to give rise to environmental odors include 
the following: 
• Wastewater conveyance and wastewater treatment plants 
• Municipal solid waste landfills and trash transfer stations 
• Composting facilities 
• Animal agriculture 
• Rendering facilities and roadkill collection 
• Chemical and petroleum industries 
• Cannabis cultivation 
Although these industries are varied, common approaches to odor management have been 
employed, as have common approaches to nuisance odor investigations.  
Three factors that make odors a nuisance are evaluated: the description of the odor (odor 
note[s]), the intensity of the odor, and the frequency and duration of its occurrence at the 
fenceline or within the neighborhood (Burlingame, 2009). Although odor notes and intensities 
 3 
are often reported by the public in vague terms, recruited panelists can be trained to provide 
more objective evaluations that involve common vocabulary and scaling. The three factors, in 
conjunction with meteorological data, can be used to identify the source of the odor, especially if 
the typical odorants emitted by the offending source are already known. If the source is 
unknown, ambiguous or overlapping with other sources, a more sophisticated investigation is 
required. Odor hedonic tone (pleasantness or unpleasantness) is a fourth factor that has been 
incorporated into national standards (Netherlands 9-point scale, NVN, 2005), considered by 
some to be more important than odor intensity (Both et al., 2004; Sucker et al., 2008b), 
dismissed by others as too subjective, or sometimes considered already inherent in any odor 
complaint. 
Muñoz et al. (2010) observed that “odor measurement is often approached from very 
independent and disconnected research fields.” Both sensory and instrument measurements may 
be used that involve analytical chemistry, psychology, public health and hybrids thereof. 
Approaches from around the world vary in complexity, focus and regulatory aims and enjoy 
varying degrees of success (Brancher et al., 2017). Merely identifying a subset of compounds in 
air does not indicate which are contributing to the odor problem. The odor description (odor 
note), intensity, and frequency plus duration of its occurrence need to be understood to identify 
the odor source and corrective actions. The odor offensiveness (hedonic tone) can assist certain 
cases as well. 
 Risk assessment, the systematic evaluation of risks posed by exposures to chemicals and 
other stressors, has many of the same challenges as odor investigation. Both follow the source-
release-pathway-receptor conceptual model and employ many of the same analytical techniques 
(e.g., gas chromatography). Both also suffer from large variability of uncertainties in their 
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results, which can span an order of magnitude or more. Previous attempts to apply risk 
assessment to odor investigation have been partially successful, for example the use of source-
pathway-receptor discussions (Smethurst, 2011) and a subset of those components (Lebrero et 
al., 2011). Large efforts over decades have refined the concepts and conventions used in risk 
assessment, particularly for pesticides, hazardous waste site cleanup and industrial chemicals 
management. Such risk assessment approaches can and have been applied to environmental 
odors. Unlike risk assessment of toxic chemicals, odor studies can include human panels. Risk 
assessment is directly applicable to the investigation of health risks from odors (and underlying 
odorants and co-pollutants). 
 
2. Objective of the Dissertation 
 
The objective of this thesis is to conduct a critical literature evaluation, supplemented 
with interviews of odor experts and investigators, of scientific methods to investigate 
environmental odors and assess their health impacts. The overall aim is to improve the state of 
knowledge of a complex, multidisciplinary topic. In an effort to further advance the field of odor 
investigation, advice and concepts from the overlapping field of risk assessment will be applied, 
when appropriate. A review of the health impacts of environmental odors, which is information 
frequently requested by the public during odor investigations, concludes the review. 
The focus of this thesis is on nuisance odor investigations of existing facilities rather than 
predictive modeling used for permits of new or modified facilities. Much has already been 
written and reviewed on such predictive dispersion models and odor mapping (Brancher et al., 
2017, Fenner and Stuetz, 2000; Gostelow et al., 2001). While such modeling is the most common 
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approach, other approaches include maximum separation distance, maximum emission, 
maximum annoyance (i.e., odor intensity, odor hedonic tone or complaint frequency) and best 
technology requirements (Brancher et al., 2017). It is likely that, in large part, the poor track 
record of these approaches has led to the need for nuisance odor investigations. Indoor sources of 
odors (e.g., from consumer products, cooking) are also beyond the scope of this thesis, as are 
occupational exposures to odors, except for the final chapter on health effects where the 
information is highly valuable for public health. Odors from emergencies and accidents are also 
not central to the thesis. 
The thesis is organized around increasing use of risk assessment to inform nuisance odor 
investigation. Chapter 2 on regulations and techniques used around the world to investigate 
nuisance odor complaints only employs some of the basic risk assessment concepts. Chapter 3 on 
odor exposure assessment falls within the risk assessment framework. Chapter 4 on the health 
risks from environmental odors is entirely consistent with and reliant upon risk assessment. Each 
chapter also identifies best practices, gaps in current knowledge and provides suggestions on 
how such gaps could be filled. Chapters 2 to 4 are presented as journal-ready publications. 
Chapter 5 ends the thesis with concluding remarks.  
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CHAPTER 2: Lessons Learned on How to Investigate Nuisance Odor Complaints 
 
Abstract 
 
 Odors present a challenge for regulators and air inspectors. Odors regulated by 
concentration limits on a subset of odorants (e.g., hydrogen sulfide) at the fenceline of the source 
have been hit-or-miss. Such predictive modeling of the dispersion of anticipated odors from a 
source is often unreliable. This leads air inspectors to seek sensory techniques to verify an odor 
complaint and trace it to the source. Jurisdictions from around the world have developed 
different ways for air inspectors to investigate nuisance odor complaints and track the data. To 
provide a critical, up-to-date appraisal of response methods to odor comoplaints, phone 
interviews were conducted with odor experts and investigators in California, Colorado and 
Australia. The information gathered was placed into context by also examining the recent 
literature for the current and historical approaches worldwide. Upon analysis of present-day odor 
investigation techniques, several trends were apparent:  
• Odor limits based on number of dilutions (e.g., odor units or dilution-to-threshold ratios) 
are ineffective 
• Working directly with the complainant to verify that an odor is present and then tracing it 
to the source is the first line of inquiry 
• Lists or scales of odor descriptors (e.g., odor note, odor intensity) are unnecessary for 
initial investigations  
The trained use of a common set of odor descriptors supports more refined assessments, which 
include odor plume and grid assessments by panelists, often over long periods. The move away 
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from specific odorant limits and toward population annoyance assessment is supported by the 
World Health Organization (2000) and others.  
 
1. Objective 
 
The objective of this paper is to gather odor investigation information from around the 
world and critically evaluate the similarities and differences, ultimately identifying best 
practices. The effectiveness of present regulations will be reviewed though a literature search and 
by interviews with odor experts and air inspectors who know the approaches that work best in 
the field. Any obvious gaps in the current approaches will be identified, and suggestions on how 
to fill them will be provided. California, for example, would like to develop a state-wide 
approach and would benefit from an up-to-date compilation of current approaches. This 
approach could serve as a template for other jurisdictions. 
 
2. Introduction 
 
Public complaints about odors dominate the complaints received by air pollution agencies 
in the United States and Europe (Leonardos, 1995). As populations urbanize and move closer to 
industry, the volume of complaints has risen. For example, in Europe between 13 and 20% of the 
population is affected by odor annoyance, while in highly urban areas the fraction has risen to 
25% (Lebrero et al., 2011).  
The inherent variability in the perception of odors makes the regulation of odors a 
challenge. This means that odors cannot be regulated directly like other air pollutants by setting 
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concentration limits. Instead, human perceptions of odor have to be considered within the 
regulations. Some neighborhoods have highly sensitive residents, while other communities have 
become accustomed to an odor and rely on its source for their jobs. 
 
2.1 Background 
 
A wide variety of sources of odors are regulated by air pollution agencies. For example, 
especially odorous industries have been identified by the City of Denver (Denver Environmental 
Health, 2016) as: 
• Pet-food manufacturing 
• Cannabis growing, processing and manufacturing of edibles 
• Rendering and meat byproduct processing 
• Asphalt shingle and coating materials manufacturing 
• Petroleum refining 
• Wastewater treatment 
• Wood preservation 
Fugitive emissions from such industries can lead to odor complaints due to the extremely low 
sensory thresholds. Further, upsets and their associated larger releases are especially problematic 
at oil refineries (McCoy et al., 2010), where it can take a long time to fix the problem. 
 Historically, odors have been regulated under public nuisance law or when permitting a 
new or modified facility by conducting dispersion modeling within a theoretical odor impact 
assessment. The latter approach is outside the scope of this paper because it has been reviewed 
elsewhere (Brancher et al., 2017, Fenner and Stuetz, 2000; Gostelow et al., 2001). The use of 
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dispersion modeling within a theoretical odor impact assessment has only achieved partial 
success as evidenced by the ongoing volume of odor complaints. Odor as regulated under public 
nuisance law for existing facilities, rather than proposed new or modified facilities, is the focus 
of this paper. 
Public nuisance law originated in British Common Law. Such law distinguishes between 
“private nuisance” (infringing on one person’s rights) and “public nuisance” (infringing on more 
than one person’s rights). Almost always, nuisance odor complaints fall under the latter category 
rather than individual rights (Miner, 1997). 
To address nuisance odor complaints, regulators may set subjective or objective 
standards. Based on population-based health studies of toxic air pollutants, objective standards 
(concentration limits) have been set for pollutants. Odors, however, are multidimensional and 
require difficult-to-enforce standards. Unsurprisingly, the setting of odor standards varies greatly 
throughout the world and depends heavily on the industrial sector, type of activity generating the 
odor and level of public outcry. 
 Applying public nuisance law to odors has been criticized (Schulz and van Harreveld, 
1996): “A direct measure of annoyance is typically made by an inspector or authorized officer of 
the state, and if there are no complaints there is by definition, no problem. The inherent 
subjectivity built into the approach is a problem, as is its susceptibility to political influence or 
community pressure. It lacks continuity of regulation for both the community and the industry 
concerned and does not offer a ‘target’ for the design and management of odor control systems.” 
As an alternative, odor intensity limits have been set in some jurisdictions. Such limits 
remain sensory-based, bringing with them the inherent variability in human responses to odors, 
and typically are set at a certain number of volumes of odorless air required to dilute one volume 
 12 
of sample air until the odor is no longer detected by 50% of panelists (odor detection threshold 
concentration, or ODTC50). Dynamic dilution olfactometry, which requires a dilution instrument 
and evaluation by a trained panel, is typically used to set this limit. 
This “objective” approach is fraught with challenges: 
• Transitory (intermittent, fleeting) nature of odors 
• Ever changing wind speed and direction 
• Multiple overlapping odor sources 
• After a complaint is filed, the availability of complainant to corroborate the odor with an 
air inspector 
• Variable odor sensitivity of both the complainant and the air inspector 
• Variable associations of hedonic tone (perceived pleasantness or unpleasantness) of an 
odor 
• Air sampling issues and analytical instrument sensitivity limitations 
• Costs associated with air sampling and involving a panel to evaluate them 
Given these challenges, it is unsurprising that jurisdictions have used other approaches that have 
evolved over time.  
 
2.2 Approaches from Around the World 
 
A team of Brazilian and Australian researchers published a recent, comprehensive review 
of odor regulations from around the world (Brancher et al., 2017). Their survey of 28 countries 
primarily focused on the dispersion modeling and criteria applied to new and modified facilities 
emitting odorous gases. Such regulations typically set limits to emissions and setback distances 
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based on the theoretical calculations of odor impact. They often also require that “best available 
technology” be implemented. This regulatory approach is not the focus of this paper; 
nonetheless, the authors also covered, to a lesser degree, regulations and methods to investigate 
odor complaints from existing facilities, which have been tabulated (see Table 2.1). 
 
Table 2.1 Odor criteria for compliance monitoring by jurisdiction (Brancher et al., 2017) 
Jurisdiction 
Dilution Limit  
(EN 13725:2003, ASTM E679-04) 
for Compliance Monitoring 
Comments Extracted from  
Brancher et al. (2017) 
AMERICAS 
Brazil - Odor is a form of pollution; odor only mentioned 
for cellulose manufacturing activities 
Canada By province Nuisance law 
Canada – Alberta  - Substantial set of odor guidance published by 
Clean Air Strategic Alliance in 2015 (CASA, 
2015) 
Canada – Quebec  Biogas & composting: 1 Hydrogen sulfide standards in the 2011 Clean Air 
Regulation 
Canada – Manitoba  < 1 desired  
Canada – Ontario  1 Odor-related pollutants have ambient limits 
Chile - Sulfated pulp industry total reduced sulfur 
compound limits; swine facility odors led to a 
national strategy document 
Colombia - 30 working days to evaluate complaints; odor 
management plan may be required; daily limits: 
H2S 7 µg/m3, TRS 7 µg/m3, NH3 91 µg/m3; 
hourly limits H2S 30 µg/m3, TRS 40 µg/m3, NH3 
1,400 µg/m3 
Panama Fenceline field monitoring:  
15 for residential or commercial 
30 for industrial or rural 
 
Receptor field monitoring: 
7 for residential or commercial 
15 for industrial or rural 
 
Confirmation, if needed, by panel: 
3 low offensiveness industries 
6 medium offensiveness industries 
10 high offensiveness industries 
At least 5 min during key periods; maximum 
values of H2S and NH3 for outlet stack emissions; 
regulation remains unofficial 
United States Various (field)  
EUROPE 
Austria - No legal limits on odors, just targets 
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Jurisdiction 
Dilution Limit  
(EN 13725:2003, ASTM E679-04) 
for Compliance Monitoring 
Comments Extracted from  
Brancher et al. (2017) 
Belgium - Flanders Field inspection by sniffing method 
0.5 very unpleasant industries 
1.0–1.5 unpleasant industries 
2.0 neutral industries 
2.5– 3.0 pleasant industries 
3.5–5.0 very pleasant industries 
Additional criteria for specific industries 
Denmark -  
France -  
Germany Odor-hour field measurement by 
VDI 3940 – Part 1:2006, which 
weights many short odor episodes 
more heavily than fewer long ones 
2008 Guideline on Odour in Ambient Air 
Ireland - No statutory odor standard, just guidance 
Italy - No country-wide provision; addressed by regions 
Netherlands - Long history regulating odors; regulated 
nationally since 1995; since 2016 nuisance law 
by local authorities 
Spain - No federal provision, just local 
United Kingdom -  
OCEANIA 
Australia - All states adopt the Australian/New Zealand 
Standard 4323.3:2001 for odor measurement by 
dynamic olfactometry (AS/NZS, 2001) 
Australia – New 
South Wales 
Ground level concentration for 
individual odorants (lower of odor or 
health impacts) 
 
ASIA 
China 10 to 60,000 depending on stack 
height 
 
Ambient limits for 33 air pollutants 
 
Fenceline concentration limits for 8 
odorants (ammonia, trimethylamine, 
hydrogen sulfide, methyl mercaptan, 
dimethyl sulfide, dimethyl disulfide, 
carbon disulfide and styrene) 
No national odor standard; GB/T14675-93 
follows the Japanese triangular odor bag method 
 
Japan Fenceline concentration limits for 22 
offensive odorants 
Developed independently since 1970s 
South Korea 1,000 for industrial area stacks 
500 for other stacks 
20 for industrial fenceline 
15 for other fenceline 
 
Source and ambient concentration 
limits for 22 odorants  
2008 Malodor Prevention Law; follows the 
Japanese triangular odor bag method 
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Jurisdiction 
Dilution Limit  
(EN 13725:2003, ASTM E679-04) 
for Compliance Monitoring 
Comments Extracted from  
Brancher et al. (2017) 
Taiwan By field method at fenceline: 
50 in industrial and agricultural 
regions 
10 in residential areas 
 
Ambient concentration limits for 4 
odorants (ammonia, hydrogen 
sulfide, dimethyl sulfide, methyl 
mercaptan) 
Follows the Japanese triangular odor bag method 
 
 
 The review by Brancher et al. (2017) substantially updated the prior global reviews 
(Mahin, 2001 and 2003; SRF Consulting Group, 2004). Phone interviews with experts in 
California, Colorado and Australia were conducted to provide even more recent perspectives.  
 
United States 
 
 The U.S. federal government, under the Clean Air Act, does not regulate odors as 
airborne pollutants. That leaves odor regulation to the states. Odor regulations in 42 of the 50 
states are addressed by nuisance law (Epstein and Freeman, 2004). The federal government, 
however, has provided general guidance regarding nuisance odors and their impacts (see 
Appendix B). 
 The National Research Council (NRC) and the National Academies of Sciences, 
Engineering, and Medicine (NAS) provide scientific guidance to the federal government. In the 
1970s, the NRC pioneered guidance on odors (NRC, 1979). The conclusion was that odors 
would be difficult to regulate due to their variable adverse effects on people, standards would not 
be widely accepted and the two sets of data (sensory and by instrument) are difficult to relate to 
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each other, costly and time consuming. If enacted, odor standards would need to be related to a 
measurement of odor perception (intensity) that is compared with the intensity of a specified 
concentration of a standard reference odorant. Duration and frequency of exposure, as well as 
offensiveness, should be considered.  
 In 2014, the Agency for Toxic Substances and Disease Registry (ATSDR) launched a 
webpage (https://www.atsdr.cdc.gov/odors/) to provide a series of documents and videos 
dedicated to environmental odor effects and management, including a reference list of 684 
odorants and their sensory descriptors (Jackson et al., 2014). For this list, ATSDR initially 
compiled a list of chemicals that the food and beverage industries use in production. ATSDR 
then added other chemicals that trained professionals or large numbers of people agree have a 
distinctive odor. 
 Similar odor information has also been compiled by researchers into odor wheels 
(Appendix A). A distinctive odor can indicate the potential source and even the specific key 
odorants. This has helped solve odor complaint problems from landfills, trash transfer stations 
(Curren et al., 2016), composting facilities and wastewater treatment plants (WWTPs) 
(Burlingame, 1999 and 2009; Decottignies et al., 2010; Zhou et al., 2016 and 2018). 
 Several states regulate odors using field olfactometry dilution-to-threshold (D/T) 
approaches (Curren, 2012), which are expressed as maximum acceptable dilution ratios:  
• Colorado: 2:1 hog odors, 7:1 residential/commercial, 15:1 other land use 
• Illinois: 8:1 residential, recreational, retail, educational, hotel, or institutional; 
24:1: industrial; 16-1: other land use 
• Kentucky, Missouri, Tennessee and Wyoming: 7:1 
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Other states set a minimum number of complaints, such as Iowa, where 10 complaints 
over 24 hours triggers an “odor alert” and 3 violations over 90 days requires an odor 
management plan (Curren, 2012). Oregon has developed two odor scores (Table 2.2) that, when 
summed, provide guidance between “high priority” (sum of 14 or more) and “lower priority” 
(sum of less than 14) investigations (Oregon Department of Environmental Quality, 2014). 
 
Table 2.2 Oregon odor frequency/duration and intensity/offensiveness scoring matrices 
 
 Frequency   Offensiveness 
Duration Monthly (1) 
Weekly 
(3) 
2-6/wk 
(5) 
Daily 
(7)  Intensity 
Not 
Unpleasant 
(1) 
Unpleasant 
(3) 
Offensive 
(5) 
Highly 
Offensive 
(7) 
<1 h (1) 2 4 6 8  Trace (1) 2 4 6 8 
1-6 h (2) 3 5 7 9  Noticeable (2) 3 5 7 9 
6-12 h (3) 4 6 8 10  Moderate (3) 4 6 8 10 
>12 h (4) 5 7 9 11  Strong (4) 5 7 9 11 
      V. Strong (5) 6 8 10 12 
  Source: Oregon Department of Environmental Quality, 2014 
 
Washington State uses an intensity scale from 0 to 4 to characterize odors. A score of 2 indicates 
an odor “distinct and definite” and “any unpleasant characteristics recognizable” (Nicell, 2009). 
 The states of Colorado and Texas have unique odor programs and are described in the 
Results (Sections 4.2 and 4.3, respectively). 
 
Canada 
 
 The Government of Alberta, Canada, through a multi-stakeholder partnership, undertook 
an extensive review of odor complaint approaches. The “good practices” summary (Clean Air 
Strategic Alliance, 2015) provides insights that are useful globally. First, until the impact of odor 
on health is better understood, they recommend that traditional chemical exposure techniques 
(heath effects and risk assessment) be used when responding to odor complaints. Such 
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assessments progress from screening-level to detailed. They also identified the strengths and 
weaknesses of 8 ambient-based and 2 emission-based regulatory systems and organized odor 
investigation tools into applicability matrices: 
Ambient-based 
• Avoidance of nuisance law 
• Ambient concentration criteria for individual chemicals (units of μg/m3 or ppm) 
• Ambient concentration criteria for odor (units of OU, OU/m3, OUE/m3 or D/T) 
• Episode duration-frequency (units of odor-hours) 
• Minimum separation distances (units of distance) 
• Odor intensity scales 
• Odor index 
• Complaint criteria 
Emission-based 
• Quantitative emission criteria (units of concentration or flow rate) 
• Technology criteria 
Multiple components are typically used in any given odor-management program. Canada also 
hosted its first conference on odor management in 2018 in Calgary 
(https://canadianodourconference.ca/). 
 
European Union 
 
Similar to the United States, the European Union has not set odor criteria and leaves it up 
to the member states to control odors. That said, a number of protocols and standard methods 
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have been developed that are often applied EU-wide. The most notable is how to perform 
dynamic dilution olfactometry using n-butanol as a sensory anchor (EN method 13725; CEN, 
2003). Additional guidance is included in Appendix B. 
As a noteworthy parallel, noise is regulated in the European Union. Directive 2002/49/EC 
(European Community, 2002) requires member states every 5 years to publish noise maps and 
noise management action plans. A petition to regulate odors similarly was denied in 2018. 
 
United Kingdom 
 
The Town and Country Planning Act 1990 and the Environmental Protection Act 1990 
are the legislation governing odors in the United Kingdom (Smethurst, 2011). Odors are 
considered pollutants under the latter law and violations are prosecuted by local authorities. 
Local enforcement is either by nuisance law if “substantial and unreasonable” or by health law, 
which requires evidence of actual disease rather than discomfort or annoyance. See Appendix B 
for further guidance. 
 The 2002 guidance on odor dispersion modeling (UK Environmental Agency, 2002) was 
self-critical, stating that “no scientific evidence has been found to show how these (i.e., the odor 
standards) relate to annoyance” and that the standards were driven by “convention and 
increasingly wide use.” The latest guidance (UK Environmental Agency, 2011), however, no 
longer included these statements. 
 The determination of which odors are offensive remains contentious in the United 
Kingdom. The following criteria have been adopted to link sources to odor hedonic tones (UK 
Environment Agency, 2011): 
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• Highly offensive: decaying animal or fish, septic effluent or sludge, landfill 
• Moderately offensive: intensive livestock rearing, fat frying (food processing), sugar beet 
processing, well-aerated green waste composting 
• Less offensive: brewery, confectionery, bakery, coffee roasting 
The scale for odor intensity (0-6) is also debated.  
 
Germany 
 
In Germany, odors caused by industry are defined as an annoyance under the German 
Federal Protection Act for Ambient Air (Smethurst, 2011). The real issue is to determine whether 
an annoyance is a “significant disturbance.” Further, according to the German Federal Immission 
Control Act (1990, last amended 2000), odorous substances are considered air pollution. An odor 
is characterized by its description, frequency, duration, and level (detection above the 
identification threshold using the concept of the odour-hour). The German Engineering 
Association (Verein Deutscher Ingenieure, or VDI) has issued key standards on odor exposure 
measurement (grid method, plume method, questionnaire protocols, intensity measurement by 
dynamic dilution olfactometry, etc.), which are listed in Appendix B. 
 
Netherlands 
 
 The Dutch have a long history of investigating environmental odors, especially from 
swine farms. They added to the field by publishing guidance on chemical emergencies and odors 
(RIVM, 2009). The unique approach involves three steps: 
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1. Select an appropriate odor threshold (ODTC50 data sources are suggested) 
2. Derive a distinct odor intensity level based on the Weber-Fechner equation 
3. Adjust for field circumstances such as age, head cold, and the exposure pattern 
Each odorant (chemical) requires a separate analysis. The methodology builds that of the Acute 
Exposure Guideline Levels (AEGL) committee, which considers that an airborne concentration 
that produces a distinct odor perception in more than 50% of an accidentally exposed, distracted 
population qualifies as significant odor awareness. 
 
Australia and New Zealand 
 
 Interviews were conducted with odor experts in Australia, which are summarized in the 
Results section. The framework for New Zealand (Figure 2.1) shows the odor exposure 
assessment process as two steps: information gathering followed by action (New Zealand 
Ministry of the Environment, 2003).  
 
Information 
à 
Action 
• Individual complaint intensity and duration 
• Complaint history and frequency 
• Odor diaries 
• Odor surveys 
• Community meeting outcomes 
• Level of co-operation from discharger 
• Ongoing complaint response and recording 
(evidence gathering) 
• Proactive monitoring (evidence gathering) 
• Ongoing community liaison and communication 
• Monitoring charges on a time and expense basis 
• Infringement notice 
• Abatement notice 
• Enforcement order 
 
Figure 2.1 Information and actions considered for odor response in New Zealand 
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Proactive monitoring is encouraged in New Zealand. This is unique and involves visiting a site 
frequently at times when odor is expected to occur (e.g., early morning). 
 A prior review (New Zealand Ministry of the Environment, 2002) recommended 
“population annoyance” surveys as the main monitoring and research tool for investigating the 
level of adverse odor effects. The guideline was that 20% of the population be annoyed to launch 
an investigation. As a secondary choice, odor diaries may be used when surveys are not viable, 
with evaluation of results to be based on FIDOL factors and with reference to modelling 
concentration guideline values. Moving toward “population annoyance,” as Germany and the 
Netherlands have done, was considered the best way to reduce the phycological stress induced 
by odors. Also, coverage of both acute and chronic adverse effects in the guidance was 
considered a step forward. 
 
Asia 
 
 In China, Japan, Singapore and much of South East Asia, environmental odor samples are 
evaluated from high concentration to low concentration (i.e., increasing dilution series) (Bokawa 
and Bokawa, 2014). This is in contrast to other parts of the world that progress from low to high 
concentration (i.e., decreasing dilution series). The method originated in Japan and is frequently 
called the “Triangular Odor Bag Method” (Japan Ministry of Environment, 2006). Panelists are 
first pre-screened using five standard odorants. Next, two out of three bags are filled with 
odorless air, and the panelist attempts to identify the bag with odor (i.e., triangle test). This 
becomes increasing difficult as the odorous bag is sequentially diluted. The volumetric number 
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of dilutions is called the “odor concentration” and mathematically converted into a numeric 
“odor index” using an equation: 
 
 Odor Index = 10 x Log10 (Odor Concentration) (Eqn. 2.1) 
  
An intensity of less than 2.5 to 3.5 is generally considered acceptable (Nicell, 2009). 
 An interlaboratory comparison of performance on the triangular bag method in Japan was 
conducted in 2016 (Higuchi and Shigeoka, 2018). A total of 128 laboratories participated, and 
50 ppm isoamyl acetate was the test odorant. The results from 11 known “excellent” laboratories 
became the benchmark. Of the 127 laboratories evaluated, 68% met the performance criteria. 
 
International Organizations 
 
 In air quality guidelines for Europe, the World Health Organization recommended 
guideline concentration values for six odorants (WHO, 2000), which are presented along with 
their sensory thresholds in Table 2.3. Five of the odorants have their WHO guidelines near or 
below their odor detection thresholds. The exception, hydrogen sulfide, has a WHO guideline 
slightly above the odor recognition threshold. Developing a guideline value for each of the 
thousands of odorants would be daunting. Further, odorants are typically present as mixtures, 
which alters the overall perceived odor. Therefore, the WHO recommended that future work for 
sensory annoyance should probably focus on odors (i.e., the total mixture) as perceived by 
individuals rather than on the component substances (i.e., odorants). 
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Table 2.3 World Health Organization guideline value based on sensory effects or annoyance 
reactions, 30-minute time-weighted average (WHO, 2000) 
Substance Odor detection threshold 
Odor recognition 
threshold WHO guideline value 
Carbon disulfide 200 µg/m3 - 20 µg/m3 
Hydrogen sulfide 0.2 – 2.0 µg/m3 0.6 – 6.0 µg/m3 7 µg/m3 
Formaldehyde 0.03 – 0.6 mg/m3 - 0.1 mg/m3 
Styrene 70 µg/m3 210 – 280 µg/m3 70 µg/m3 
Tetrachloroethylene 8 mg/m3 24 – 32 mg/m3 8 mg/m3 
Toluene 1 mg/m3 10 mg/m3 1 mg/m3 
 
 
3. Materials and Methods 
 
Based on the information gathered from around the world, a targeted literature search and 
phone interviews of odor experts and air inspectors were conducted to provide current 
perspectives on odor investigations. 
Literature searches were conducted online and at the University of California, Los 
Angeles, and California Air Resources Board physical libraries. The focus was post-2010, and 
when relevant articles or books were found the “cited by” function was used to find even more 
up-to-date information. A California-specific literature search was conducted as well. Reviews of 
the latest approaches to odor investigation were sought. Finally, relevant websites (such as for 
government agencies) and posted materials not typically available in scientific journals were 
searched. 
 To collect the latest information on nuisance odor investigations from California’s air 
districts and international experts, phone interviews were conducted. The interviewees’ insights 
were gathered and any available guidance documents and relevant case studies were requested. 
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Prior to the phone interviews, a list of questions was shared to initiate the conversation: 
1. Is there a vetted list of odor threshold concentrations used? 
2. Are there any written protocols that you follow when responding to odor complaints? 
Any internal or external guidance followed? 
3. What odor sensory (human panel) or instrumental (electronic nose, Nasal Ranger®, 
olfactometer, etc.) methods do you have experience with? Do you own any odor-
response equipment? Have you worked with contractors who use such methods? 
4. Do you maintain a database of odor complaints and inspector follow-up findings? 
How are odor complaints received and logged? 
5. How do you determine if odor complaints are independent or part of an orchestrated 
effort? How many independent odor complaints trigger an investigation? 
6. What has been your experience when odor complaints have been handled at the air 
district level? What types of evidence have been used? 
7. When taken to court, what have been your experiences in legal proceedings against 
the source of odor complaints? What types of evidence have been accepted or not 
accepted? 
8. How do you define and capture transitory versus consistent odors? 
9. How do you gather sufficient information from the caller to identify the source of the 
odor? 
10. Do you have contacts from other states (or countries) who address odor complaints? 
11. Are the fragrances used to mask industrial odors (such as jasmine at an oil refinery or 
cherry at a trash transfer station) included in the air permit? Are the chemicals in the 
fragrance specified? 
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12. In addition to sulfur and organic odors, do you have experience addressing metallic 
odors? Any instrumental methods? 
After the initial phone interview, follow-up questions were sent by email. The information 
gathered was summarized into a narrative that highlights the common and divergent approaches 
among the air districts. 
 
4. Results and Discussion 
 
4.1 California 
 
 California regulates odors under California Health and Safety Code Section 41700, which 
states “A person shall not discharge from any source whatsoever such quantities of air 
contaminants or other material which cause injury, detriment, nuisance, or annoyance to any 
considerable number of people.” California primarily regulates its air quality through 35 local air 
districts, although the California Air Resources Board (CARB) addresses odor complaints from 
mobile sources. In addition, CalRecycle offers odor guidance to composting operations. 
 
CalRecycle 
 
 CalRecycle oversees composting operations throughout the state, which have been 
growing in number and are frequently associated with odor complaints. Recommendations were 
adopted by local enforcement agencies (LEAs) throughout the state (California Integrated Waste 
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Management Board, 2007). Unfortunately, the implementation was not considered completely 
successful, as noted on the CalRecycle website (last updated August 29, 2018): 
 
The Complaint Response and Odor Monitoring procedures were developed by 
Riverside Co. LEA and are over 10 years old. The LEA no longer uses these 
procedures because the monitoring had no effect or usefulness on preventing or 
reducing the odors. In the case of Riverside Co. LEA’s experience, the climate 
had the greatest effect. Riverside Co. LEA also found that it was difficult to 
determine the difference in the odor on a 1-5 scale especially between “2”, “3” 
and “4”. However, the odor monitoring and complaint response procedures below 
may offer a framework for a LEA that wishes to create a program to respond to 
odor complaints or for verification that a site’s Odor Impact Minimization Plan is 
effective. 
https://www.calrecycle.ca.gov/swfacilities/compostables/odor/complaint/example  
 
The LEA is encouraged to maintain a log of odor complaints and coordinate with their air district 
and, if the odor is causing an illness, the local health department. 
 
California Air Resources Board 
 
 CARB has a long history of addressing nuisance odor complaints. In the 1970s, 
questionnaires were used to collect information from residents near pulp mills on exposure to the 
odor and on health and annoyance reactions (CARB, 1971). In general, the frequency with which 
 28 
odor was noticed and the frequency and intensity with which respondents were bothered by the 
odor were correlated with perceived odor intensity and frequency as measured by dynamic 
dilution olfactometry within each community. 
More recently, an agreement was formed between CARB and the local air districts 
regarding the handling of odor complaints (CARB, 2002). It stated that CARB handles mobile 
source odor complaints and, for stationary sources, the local air district is phoned as soon as 
possible, but at least within one business day. It then gives local air districts 15 working days 
after receipt of the CARB letter to provide a written complaint resolution or summary progress 
report. Finally, CARB agreed to subscribe to an over-the-phone verbal translation service that it 
would make available to the local air districts. 
Several of the local air districts were contacted to gather information on how they 
currently investigate nuisance odor complaints. The information gathered is summarized next. 
One observation during the interviews was that CARB trains the air district staff on smokestack 
opacity measurements using their own eyes (Method 9, USEPA, 1993; Rose, 1995). Training 
regarding environmental odor evaluation could be developed as well.   
 
South Coast Air Quality Management District 
 
 South Coast Air Quality Management District (SCAQMD) addresses nuisance odor 
complaints under Rule 402 (adopted May 7, 1976): 
 
“A person shall not discharge from any source whatsoever such quantities of air 
contaminants or other material which cause injury, detriment, nuisance, or 
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annoyance to any considerable number of persons or to the public, or which 
endanger the comfort, repose, health or safety of any such persons or the public, 
or which cause, or have a natural tendency to cause, injury or damage to business 
or property.” 
 
A key phrase is “considerable number of persons,” which is evaluated case-by-case but generally 
falls into 6 to 10 complaints within a 24-hour period for a notice of violation. Rule 402 does not 
apply to agricultural operations. 
 In 2008, SCAQMD Rule 410 took effect to address odors from trash transfer stations and 
material recovery facilities. Sufficiently large facilities were required to have an approved odor 
management plan with extra requirements for even larger facilities. In 2009, a panel of 10 air 
inspectors used odor profiling to evaluate a trash transfer station (Curren et al., 2016). Based on 
the observed odors, specific odorants were suggested and then confirmed analytically. 
 In 2017, SCAQMD adopted Rule 415 to address odors from rendering facilities 
(SCAQMD, 2017a). The rule requires building enclosures with ventilation to 
odor control systems for odorous operations and best management practices, such as covers for 
trucks and trailers and time limits for moving materials during the receiving and rendering 
process. Also in 2017, Rule 1430 was adopted to reduce odors (and toxic emissions) from 
grinding operations at metal forging facilities (SCAQMD, 2017b). Four confirmed odor 
complaints over six months trigger additional odor management controls, such as enclosures. 
 A conversation with air inspectors covered how nuisance odor complaints are currently 
investigated. Air inspectors use their own noses to confirm the complaint, which does not 
necessarily need to match the complainant’s description of the odor. Each person’s ability to 
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describe odors varies too greatly to require consistent descriptions. Rather, sensing that 
“something” is there is sufficient. The next step is to identify the source and move upwind to 
verify that the odor is not coming from elsewhere. Air inspectors are assigned to specific areas 
and know the sources within their area well. They are trained on how to respond by pairing 
junior staff with more senior mentors. 
 For more complex odors, monitoring and meteorological data are used. Hydrogen sulfide 
monitors have been used for direct measurements and SUMMA evacuated canisters and 
Tedlar™ bags have been used to collected air samples. Sometimes a SUMMA canister is given 
to a complainant to collect a sample over time. Wind direction, speed and temperature are 
measured using a hand-held Kestrel 1000 meter, and the cloudiness and weather are noted. More 
sophistical meteorological data has been used to calculate the back-trajectory of odor plumes 
using data from the National Weather Service in MesoWest plus the HYSPLIT dispersion model. 
 Odor investigation data is captured in an in-house database that is rather old and does not 
allow for easy queries. Since 2010, the number of odor complaints per year has risen from 
around 3,400 to 7,500, decreasing in 2017 to 6,000 (Figure 2.2) (SCAQMD, 2019). Odor 
complaints are received by phone or via their website, which is also available through their app. 
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Figure 2.2 Air quality complaints received by SCAQMD, 2000 – 2018 (SCAQMD, 2019) 
 
 No electronic nose technology is currently used although a report surveyed dozens of 
emerging technologies (SCAQMD, 2000). The authors noted that e-noses were primarily used 
for quality control for food and other products, and that a large effort would be required for field 
tests for environmental odor detection. 
 Two major case studies from SCAQMD are informative. The first case is metallic odors 
(over 900 complaints) in the industrialized section of the City of Paramount that began in 2013 
(SCAQMD, 2017c). Nickel and hexavalent chromium were detected in air samples. Three 
businesses with metal-related operations were identified and many community meetings were 
Air Quality Complaints Received 
2000 – 2018
Key: ■Odors, ■Dust, ■Asbestos, ■Smoke, ■Retail Gasoline, ■Other, ■Overspray, ■Residential Wood Burning, 
■Open Fire, ■Spots 
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held to address both odor and air toxics concerns. Under an Order for Abatement, one company 
(Carlton Forge Works) was required to take measures to reduce odors in July 2017. They 
improved air pollution controls in their grinding room and made other improvements, and the 
number of odor complaints decreased. 
 The second case is the coastal area of Seal Beach, Huntington Beach, and Long Beach 
that experienced “gas/sulfur/chemical” odors (over 2,000 complaints). To help find the allusive 
source, sampling was performed between March 2017 and October 2018 in partnership with 
local fire departments. SUMMA canisters were analyzed for the presence of volatile organic 
compounds, and samples collected in Tedlar™ bags were analyzed for total reduced sulfur 
compounds. Crude oil was the likely source of the compounds detected, and in October 2018 a 
violation was issued to an oil tanker that, upon inspection, had 7 out of 10 pressure release 
devices leaking (SCAQMD, 2018a). Portable hydrocarbon-sensing devices and gas imaging 
cameras were used to detect the leaks. Monitoring for other sources using a forward-looking 
infrared (FLIR) camera and further sample collection are ongoing. 
 To address the beach communities’ health concerns from the intermittent exposures, and 
to put the monitoring data into context, a “frequently asked questions” document was created 
(SCAQMD, 2018b). The conclusions were that the levels of hydrogen sulfide were below the 30 
ppb one-hour state standard, the levels of specific hydrocarbons were below their acute limits, 
and that cancer risk (from benzene exposure) was not at a level of concern due to the intermittent 
nature of the exposures. 
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Bay Area Air Quality Management District 
 
 The Bay Area Air Quality Management District (BAAQMD), headquartered in San 
Francisco, sets an odor limit of 5 dilutions-to-threshold (D/T) at or beyond the facility fenceline, 
which is applied after at least 10 complaints are received within a 90-day period (Regulation 7-
302, 1982) (Brancher et al., 2017). Further investigation is required if a further 5 complaints are 
received within the next 90 days. 
 Interviews with staff provided recent information and insights into investigation 
techniques currently used. Although still found in their local regulations, the use of odor panels 
to evaluate samples captured in bags ended over five years ago. The primary concern was that 
employees, who served as the panelists, were worried about exposures to unknown compounds 
and experienced negative sensations. Using air monitoring results for specific odorants and 
comparing the concentrations to odor detection threshold concentration (ODTC50) was 
considered not in line with odor being a sensory nuisance (i.e., subjective and not quantifiable). 
Lacking any quantifiable sensory method, air inspectors now conduct source-by-source 
investigations using their own sense of smell with moderate success. An inspection is triggered 
when 5 or more independent complaints are received and can result in a Violation Notice. 
 Although their “Odor Policies and Procedures” is currently being revised, BAAQMD has 
several experiences worth sharing. When an odor complaint is received during office hours, 
within 15 minutes it is assigned to an air inspector who has 30 minutes to contact the 
complainant. They then meet, experience the smell together and walk toward the source together. 
No sensory descriptors or training are used. They also explore upwind. If the odor is verified, the 
source is contacted and, if needed, inspected to see if in violation of the permit. Prior attempts to 
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use field olfactometry (Nasal Ranger®) offered no advantages to the above method. A database 
developed in-house manages the case load. 
 Regarding odor management plans that facilities have submitted, the air inspectors found 
substantial difficulties. Such plans are difficult to enforce, different for each site, written by a 
third party (so the local site may feel detached), and require large amounts of staff review time. 
Regardless, they are commonly found at WWTPs and trash transfer stations. 
A prior contract with Envirosuite Inc. was not continued due to the substantial 
requirements for meteorological data. The project tried to use advanced backtracking technology, 
based on real-time fine-scale meteorological modelling, to instantly plot and visualize the 
trajectory of an odor complaint, thereby identifying its likely cause. 
A current challenge is the overlapping odors found in Milpitas, which have resulted in 
thousands of complaints. To fingerprint and identify which sources are contributing to the 
ongoing odors, BAAQMD issued in March 2019 a request for proposals (BAAQMD, 2019). A 
community group that meets quarterly is conducting a parallel study. 
 Another challenge is the increase in composting operations, which are often malodorous. 
Finally, an emerging area of concern is cannabis cultivation, particularly within and around 
Santa Rosa, California. To understand the operations, BAAQMD staff toured a cannabis 
cultivation facility and will visit again. 
 
Sacramento Municipal Air Quality Management District 
 
 To become a “verified complaint,” air inspectors from the Sacramento Municipal Air 
Quality District (SMAQMD) rely on the definition of nuisance being about the complainant’s 
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perception and try to verify that. Upon meeting the complainant, the air inspector logs their own 
description of the odor and sees if it matches that of the complainant. Standardized smell 
vocabulary would be useful. A verified odor nuisance can lead to a Notice of Violation, which in 
turn can lead to an Abatement Order that shuts down the facility. The owner must then sue to re-
open the facility.  
SMAQMD is considering trying a field olfactometer (Nasal Ranger®) like neighboring 
air districts have. Previous tests conducted at the source of an odor need to be translated to 
fenceline concentrations experienced by the neighborhood.  
 A current challenge is a rendering facility. California law, the Right-to-Farm Act, 
exempts such facilities from nuisance law, however. Another challenge is a sweet potato drying 
operation that has rotting odors. Also, the Zero Waste initiatives are sending more scraps to 
compost facilities, which are exempt from air regulations, so solid waste programs handle the 
complaints (with the air district playing an advisory role). 
 Even pleasant aromas can become nuisance odors. A blueberry smell from a food factory 
was intense enough to trigger migraines. Masking has been done using cherry “perfume” at a 
solid waste landfill. 
 Complaints are logged into a database that contains over 13,000 records since 1996. The 
data was transitioned from MS Access to MS Sharepoint, which sends automated e-mails and 
allows for logging from the field.  
 
 36 
Feather River Air Quality Management District 
 
 Responses to questions were received by e-mail from the Feather River Air Quality 
Management District (FRAQMD). Nuisance odor complaints are infrequent and primarily 
regarding agricultural operations, which are exempt from investigation. For other sources, air 
inspectors gather from the complainant the type of odor, location, wind direction, topography 
and any adverse effects experienced. All complaints are investigated, and the air inspectors rely 
on their own sense of smell and best judgment to trace the odor to the source. The source usually 
acts immediately to mitigate the problem. 
 
Placer County Air Quality Management District 
 
 Air inspectors from Placer County Air Quality Management District (PCAQMD) respond 
to all odor complainants. They drive to the complainant and try to verify the odor, even if they 
need to wait for an intermittent odor. If detected, they then try to identify the source. No cases 
have ended up in court, just resolved by mutual settlement. Past experience with a field 
olfactometer (Nasal Ranger®) was not helpful due to the transient nature of most odors.  
The major source of odor complaints is a landfill. The dispersion modelling was not 
helpful, and sampling (by flux chambers) was sent for odor intensity testing by a panel. A spray 
coating did not stop the odor, nor did a cherry/citrus mist at the perimeter. The latter actually 
magnified the odor. Another nearby source, bioenergy wood piles, was blamed for the odors by 
the landfill. 
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Odor complaints are logged in a database that just moved to Accela software, which is 
also used by San Diego County. The data were previously in Sequel and MS Access. 
 
San Joaquin Valley Air Quality Management District 
 
 The San Joaquin Valley Air Quality Management District (SJVAQMD) covers eight 
counties. Once a complaint is received, the air inspector visits the complainant to determine the 
type of odor, time of day and GPS location. Driving around, the source is identified. If the source 
is a permitted facility, the air inspector goes on-site to review the permit and inquire about any 
upsets or disruptions. If not permitted, the air inspector talks with the source and offers 
compliance assistance and education. The air inspector always circles back to the complainant to 
communicate the findings. A senior air inspector often accompanies a new inspector to provide 
mentoring. 
 Once source of odor complaints was from residents who disagreed with urban planning 
decisions. Other complaints were from a WWTP that had a pond go anaerobic and a rendering 
plant, which is now closed. 
 Their database could serve as a model for other air districts. It was developed in-house, 
which was expensive, but the functionality is impressive. The database is on-line, smart phone 
friendly, interfaces with their app (ValleyAir) and, thus, can collect photos and videos. The 
system sends automated notifications to inspectors by text or e-mail. It also includes mapping 
features. 
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4.2 Colorado 
 
 Three odor experts in the Colorado were interviewed by phone. Adam Wozniak, an odor 
expert in the stationary sources program, provided an overview of Colorado’s approaches to 
nuisance odor investigation. Colorado has the same number of stationary air pollution sources as 
California, yet a much smaller population. Most odor complaints are from infill housing built 
close to existing industries. A recent case was odors from a biofuel operator north of Denver, 
which required community meetings. A study of odor’s impact on wellbeing in North Denver 
has been published (Eltarkawe and Miller, 2018).  
 Colorado has 25 odor inspectors at the state level. Most complaints, however, are 
delegated to the local officers. Both state and local air inspectors are certified annually on how to 
conduct sensory investigations through a class offered every other month. Odor inspectors are 
trained to avoid the use of odor notes (descriptors) and instead focus on “detectability,” which is 
a faint sense that an odor is present, rather than “recognition,” which is a clear sense that an odor 
is present and can be described. Inspectors’ ability to detect odor intensity, on a scale of 0 to 10, 
is tested using a “detectability rating test” (U.S. Department of Health, Education, and Welfare, 
1967), and those with extreme senses of smell (too high or too low) are disqualified from odor 
inspections. 
 The Colorado odor regulation from the 1970s, Regulation 2, is a bit of a curse. 
Regulation 2 codifies field olfactometry dilution-to-threshold (D/T) limits that are violations 
when exceeded, namely 2:1 for hog odors, 7:1 for residential/commercial odors, and 15:1 for 
other land uses (e.g., industrial). Regulation 2 is a problem because the public complains of 
odors well below these limits, generally around 2:1 or 3:1. Regardless, to comply with the 
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regulation, field olfactometers are used, primarily the Nasal Ranger® because the more 
affordable Scentometer is no longer manufactured. The Nasal Ranger® has been customized to 
meet the dilutions required for Colorado (2:1, 8:1 and 16:1 rather than 7:1 and 15:1). 
 Persistent complaints receive a 10-day evaluation with follow-up 14 to 30 days later. The 
evaluation includes mapping of odor frequency, wind direction, and upwind locations. Due to the 
relatively high D/T limits, few violations occur, and none have ended up in litigation. More 
commonly, the public is upset with the agency that no violation was triggered. All complaints are 
tracked in CACTIS (Colorado Air Compliance Tracking & Inventory System) software, as is all 
inspection work. 
 William (Bill) Brennan at Denver Public Health and Environment was also interviewed 
by phone. Legal adult use of cannabis began in Colorado in 2014, and today over 350 cannabis 
cultivation facilities are found within the city limits of Denver. A sharp increase in odor 
complaints accompanied the rapid growth. Some were probably from disgruntled voters who 
opposed the legalization. An advisory workgroup was formed to tackle the issue and included a 
variety of stakeholders that attended 10 meetings. 
 New odor regulations (Denver Environmental Health, 2016) were developed that now 
require cannabis growers, edibles manufacturers, and a few other industries to submit Odor 
Management Plans. An outline is provided as well as example plans. A certified industrial 
hygienist must sign off on the plan. Activated carbon air filters are the highly recommended 
technology. Submissions are typically a few pages in length and include a facility diagram.  
 Odor complaints are received by phone, e-mail or the city’s app. The city has a database 
to gather relevant information as well as track performance metrics. The department places daily 
complaints into a queue and has 24 hours to contact each complainant. If deemed necessary, the 
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air inspector visits where the odor was observed, notes the wind direction (or contacts 
atmospheric scientists on staff), measures the odor intensity using a Nasal Ranger® and seeks out 
the source. Warehouse districts with multiple cultivation facilities are especially difficult due to 
odor overlap. The regulatory limit of 7:1 dilution is too high because at that level odors can still 
lead to nausea. The odor intensity scale (0 to 10) can be tricky, since it is hard to define an 
intensity of 2 versus 4, for example. To standardize such qualitative scores, two inspectors travel 
together and measure odors together.  
 In addition to air inspections and odor control plans, Colorado is conducting basic 
research on cannabis odors. Kaitlin Urso, an environmental protection specialist in the small 
business assistance program of the Colorado Department of Public Health and Environment, 
shared information on their study of cannabis volatile organic compound (VOC) emissions. They 
look both at the terpenes emitted by the plants as well as the solvents used during extraction to 
infuse edibles. The main concern is ozone formation caused by the VOCs, but information on 
odorants will also be generated. A similar study has already been performed (Wang et al., 2019). 
The air sampling in Colorado will be completed by September 2019. 
 
4.3 Texas 
 
 Texas is unique in its regulation of odors. It is the only state that uses “odor-based 
values” during the permitting and modeling process for new and expanded facilities. These 
values are curated from available literature and typically set at the odor detection threshold 
concentration (ODTC50). This is not a straightforward task because the published values can 
range over several orders of magnitude (e.g., hydrogen sulfide has a 20,000-fold range from 0.07 
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to 1,400 ppb). Checking the values against actual air monitoring data and standards helps avoid 
levels that are known not to lead to odor complaints. The approach has been published (TCEQ, 
2015), and the data are available in the Texas Air Monitoring Information System (TAMIS) 
database as part of the Effects Screening Levels available at 
https://www.tceq.texas.gov/toxicology/database/tox. 
 In Texas, an odor nuisance has occurred if an odor has been emitted in such concentration 
and duration as to (a) be injurious to or adversely affect human health, welfare, animal life, 
vegetation, or property, or (b) interfere with normal use and enjoyment of animal life, vegetation, 
or property (TCEQ, 2007). 
 Texas follows a FIDO (frequency, intensity, duration, offensiveness) organizing 
principles in its investigations (TCEQ, 2007). This is a slightly shortened version of the FIDOL 
approach, without the “location” attribute. Specific tables use frequency (single occurrence, 
quarterly, monthly, weekly or daily), duration (1 minute, 10 minutes, 1 hour, 4 hours or 12+ 
hours), and odor characterization (not unpleasant, unpleasant, offensive or highly offensive) to 
lead to the intensity that equals a nuisance for that situation. If the perceived intensity (very light, 
light, moderate, strong or very strong) is equal to or greater than that level, the odor is considered 
a nuisance. 
 The odor character guidance includes the following examples:  
• Not unpleasant: bakery, perfume, winery, spice packaging, normal food preparation, 
normal coffee roasting, fresh-cut grass or hay 
• Unpleasant: chlorine, ammonia, burnt, diesel exhaust, fuel, water-based painting, treated 
sludge, cattle 
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• Offensive: autobody paint, failing septic systems, waste burning, grease trap, rendering, 
compost, hog, poultry, cattle lagoon, landfill 
• Highly offensive: mercaptans, hydrogen sulfide, landfill gas, rancid grease, hide 
processing, putrid animals or fish, primary sludge, blood drying 
An air inspector, however, may deviate from these suggestions based on professional experience.  
 
4.4 Australia 
 
Four odor experts in Australia were interviewed by phone in Sydney (New South Wales), 
Melbourne (Victoria) and Perth (Western Australia). In Australia, as in most of the world, odor-
impact assessments are typically based on air dispersion modelling; however, this approach is 
changing as some states to move the focus to environmental odor field assessments without 
modeling. There is also a move towards recognizing that all odors are not perceived the same – 
hedonic tone and intensity alter perception. 
Dr. Ruth Fisher and Dr. James Hayes, researchers with Dr. Richard Stuetz at the 
University of New South Wales, in Sydney, were contacted to gather the latest information on 
nuisance odor approaches. They pointed to the strengths of the programs in Victoria and Western 
Australia, which were contacted thereafter. Due to the large distances, transporting field samples 
to a panel in a laboratory cannot meet the 6-hour sample storage limit. Attempts to use a field 
olfactometer yielded poor results, so other approaches have been developed. To prioritize 
odorants, a GC-sensory instrument with parallel GC-MS was used.  
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When conducting investigations or community surveys, they advised against using the 
word “odor” and to instead ask about “things you don’t like” to gather unbiased responses. 
Community members have found the odor wheels (Appendix A) intuitive and helpful. 
In Melbourne, Chris Bydder, an odor expert with Environment Protection Authority 
Victoria, provided his insights. The prior focus for odor regulation was on stack emission limits 
yet still led to complaints off-site because they missed fugitive emissions. The law was re-written 
to say “no offensive odor beyond boundary of premises.” 
Trained odor investigators are dispatched around-the-clock, any day of the week. Three 
calls regarding a new odor source trigger an investigation, or five calls for a known source. The 
investigative method is to confirm the presence of the odor, trace it to the source, and take action, 
if needed. Actions start with an abatement notice, progress to an infringement notice, and 
culminate with a fine of AUD $8,000, as appropriate. Typically, six complainants or more are 
required to take action. 
Inspectors are trained in dynamic plume assessment, which requires two inspectors. No 
public panels are used. Inspectors use a grid pattern, which is repeated on several days (i.e., the 
same as the EU field guidance). Both the fenceline and upwind areas need to be canvassed. No 
attempt is made to identify the specific odorant that is the primary culprit. 
He warned against mixing field-dilution olfactometry data (D/T) with laboratory dynamic 
dilution olfactometry data. The latter is in a controlled indoor environment with a larger set of 
panelists (typically six) who are pre-screened. Even the Belgian 6-point intensity scale for 
“sniffing units” is more than his team needs. They use three odor intensity scores: strong, weak 
and none. 
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His parting advice was that the sense of smell is 50% olfactory plus 50% memory, which 
influences health impacts and can lead to psychological stress. Their guidance is available at 
https://www.epa.vic.gov.au/your-environment/odour. 
In Perth, Philippe Najean, an odor expert in Air Quality Services within the Department 
of Water and Environmental Regulation, shared his insights. Originally from France, he spoke 
with equal authority about the European and Western Australian approaches to environmental 
odors. The Western Australia odor guidance from 2002 is no longer used, and a draft 2018 
update is under review (Government of Western Australia, 2018). The new draft guidance no 
longer requires odor dispersion modeling because 10 years of data show that such an approach 
still leads to nuisance odor complaints. The prior criteria required substantial meteorological 
data, emission rates and limited the impact to 5 OU at 500 meters at the 98th percentile. Models 
simply are not good enough, yet many countries stick with them because they have become 
entrenched. 
The main challenge in an odor investigation is to ramp up the quality of information 
while ramping down the emotions. The first phase of an investigation is at the desk where 
information is gathered: odor description to identify potential sources, mapping (including 
topography and nearby meteorology) and back-tracking the plume. The second phase is in the 
field if 5 or more complaints identify the same source. The third phase is to track the odor to the 
source using 3 levels of intensity (none, faint, strong), 3 levels of frequency and the duration. 
The VDI method 3940 Parts 2 and 3 that requires 5 standards for an intensity scale of 0-6 and 
paired inspectors was too complex and provided poor results. Similarly, lab and field 
olfactometry provided too variable results to be useful because dilution alters the “synergy” of 
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the odor mixture. The GC-sensory method is a useful research tool but not for day-to-day field 
investigations. 
In addition to the phone interviews, a literature review revealed a summary of odor 
management across Australia (de Melo Lisboa et al., 2014) and guidance from New South Wales 
(Department of Environment and Conservation NSW, 2006). According to the guidance, an 
investigation of a nuisance odor can be carried out in any of three ways: 
• Results of a complainant interview 
• Tracing the odor from the complainant’s residence or place of business to the alleged 
source (if an odor is detected at the complainant’s property, the wind direction can be 
determined for the purpose of tracing the odor to its source) 
• Identifying an operation as the source by correlating meteorological data with the time of 
the complaint 
The meteorological data must come from an authorized station. Templates for two complaint 
forms are provided, one for capturing the initial complaint and one for the follow-up 
investigation.  
 
4.5 Common Approaches 
 
Terminology and units 
 
 Although primarily used in dispersion modeling of odors during the facility permitting 
process, “odor units (OUs)” are commonly used during nuisance odor evaluations. They are 
dilution factors rather than true concentrations but have taken on the units of “pseudo 
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concentration” in order to be used in dispersion models. The range of terminology and units for 
OUs includes:  
• China: a unitless dilution factor using the triangle bag method (Ministry of 
Environmental Protection, People’s Republic of China, 2016) 
• European Union: odor unit per hour per cubic meter (OUE m-3) 
• Netherlands: uses a hedonic tone value (H) that relates suprathreshold odor concentration 
and degree of unpleasantness (OUE(H) m-3) 
• USA: some jurisdictions use field dilution measurements (D/T) or conducted in a 
laboratory (OU m-3) 
Regardless of the different nomenclature, all of the above rely on dilution and set the OU to the 
threshold, and the readings are multiples of that level. Limits are then set, typically in the range 
of 1 to 10 OU. Some countries, such as Switzerland, prefer not to use this approach and rely on 
questionnaires and complaints instead (Lebrero et al., 2011). Australia found the OU approach to 
be ineffective, as did Colorado. 
 
Factsheets and FAQs 
 
 Many jurisdictions throughout the world have developed factsheets and frequently asked 
questions (FAQs) to introduce the public and their own staff to the complexities of odor 
regulation and investigation. After providing introductory information on smell and the potential 
impacts of odors, the documents then tend to vary in degree of complexity. Some delve into 
technical topics such as dispersion modeling and odor thresholds (UK Health Protection Agency, 
2011), while others present the steps to an odor investigation and how a complainant can gather 
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useful information (SCAQMD, 2015; ATSDR, 2016). Such material has been useful at the 
beginning of community meetings but does not take the place of interaction with authorities.  
   
Complaint forms and apps 
 
 All jurisdictions appear to have phone and online ways to file odor complaints. Several 
websites from California air districts were reviewed: 
• PCAQMD: The website (www.placerair.org) has a clear button for complaints. The form 
requires the complainant’s name and phone number, whether the company that is the 
source of the complaint is known, whether or not the complainant was impacted and 
willingness to go to court. All other information is optional, including the date and time 
of the observation, whether it is continuous or intermittent, whether it has occurred 
before, wind conditions (breezy, calm, windy), wind direction, and uploading photos. 
• SMAQMD: The complaints website (www.airquality.org) first acknowledges that there is 
an odor issue with a local rendering plant. The online form requests the name of the 
source, its location, a complaint description, date and time of occurrence, and 
complainant contact information. The only required fields are for the odor description 
and date/time. 
• BAAQMD: The form (www.baaqmd.gov) first warns that odors from agricultural 
operations are exempt and then requests information on the alleged source, location 
where the pollution was observed, contact information (or opt to remain anonymous), and 
whether an air inspector should contact the complainant. Free text fields are provided to 
describe the source location and any additional information. 
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• SJVAQMD: Complaints can be filed by phone or online (www.valleyair.org). There are 
fields for the complainant’s contact information, a place to select “odors” from a pick list, 
date and time as well as location of the source, the option to include a photo and whether 
a report would be appreciated after the investigation. The privacy statement says that 
information will be released only when required by law (phone number and email are 
required fields). 
• SCAQMD: Complaints can be filed online (www.aqmd.gov). The form requires phone 
number, email address, description, date, source’s street and city. The privacy statement 
says contact information is confidential unless the law requires disclosure and that any 
photos become property of the air district. A “remember me” feature is available, and the 
characters in an authentication image have to be typed.   
Some of these jurisdictions also have mobile phone apps: 
• SMAQMD: The app provides only air quality data, not a complaint form. 
• BAAQMD: The app sends the user to the website, where the same complaint form 
summarized above can be filled out. 
• SJVAQMD: The app requests contact information, allows “odors” to be selected from a 
pick list, has a free text filed for describing the complaint, and fields for complaint 
location and date and time. A photo can be uploaded. 
• SCAQMD: The app provides a button to call the complaint phone number. 
The ability to easily take and send photos may be an advantage of apps to document the odor 
source. 
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Investigation techniques 
 
 Air inspectors find it sufficient to use their own sense of smell to verify odor complaints 
and try to respond to each call (FRAQMD). Their familiarity with the local sources helps resolve 
most issues (SCAQMD). Both field dilution measurements and laboratory panels did not aid 
investigations, nor did traditional dispersion modeling (Western Australia). The use of 
standardized odor descriptions may help inspectors (SMAQMD), but agreeing with the 
complainant on the description is unnecessary. Masking odors to cover up malodors can magnify 
the problem (PCAQMD). 
 The FIDOL framework or a variation thereof is used by many jurisdictions. It is 
sometimes incorporated into guidance for complainants, too. The terms cover the main 
contributing factors or nuisance odors, namely frequency (how often exposure occurs), intensity 
(strength of the odor), duration (length of odor episode), offensiveness (odor quality and hedonic 
tone), and location (both where the source is and tolerance of the community) (Nicell, 2009). 
 FIDOL fails to capture, however, some of the more personal aspects of odor perception. 
The underlying mood and coping strategy of the complainant are missed, as is any connection or 
history with the offending source. The person’s history and susceptibility to malodor effects – 
such as age, sex, and health – are not included, nor is past experience with the same or different 
odors, which can lead to sensitization or trigger memories. These factors, which serve as 
confounders to odor investigations, relate to properties inherent to odor yet not present for 
classical air pollutants (Nicell, 2009). FIDOL also neglects the number of people impacted. The 
main weakness may be in the variability inherent in two of the factors: intensity and 
offensiveness. 
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 When laboratories are used for sensory analysis, periodic certification is required. Japan 
found only 68% of its sensory labs met performance criteria (Higuchi and Shigeoka, 2018). 
 
Data management and trend analysis 
 
 Jurisdictions tend to use the same database software to manage odor complaints as they 
do for any air pollution concern. Development is typically through software vendors but may be 
done in-hose if sufficient funds are available (e.g., SJVAQMD). Such data is valuable for 
tracking trends in odor complaints. More sophisticated evaluations than the number of 
complaints are needed, however, to capture the actual impacts. Software vendors also support 
facilities so they can manage complaints in-house and track their own data. Such systems are 
required in certain jurisdictions, such as Colorado. 
 In addition to time trends, a complaints database can be analyzed statistically or visually. 
For drinking water, six utilities were included in a study of customer complaints (Gallagher and 
Dietrich, 2014). The data were evaluated using several statistical methods, and the same could be 
done for done for an odor complaint database. A combination of high frequency of complaints 
together with consistency of descriptors was indicative of episodic water quality problems. 
Another way of analyzing odor complaint data is through a “word cloud,” as was done for a 
chemical spill in a river (Gallagher et al., 2015). See Figure 2.3 for an example where the size of 
the font indicates word frequency.  
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Figure 2.3 An example of an odor “word cloud” (Gallagher et al., 2015) 
 
4.6 Research Needs 
 
 The gaps identified by the National Research Council (1979) are as relevant today as they 
were then:  
• More basic scientific information on the effects of odors on people is needed. 
• Basic research on the mechanism whereby the presence of an odorous airborne 
contaminant is translated to neural signals that result in odor perception in required. If an 
odor meter is ever to be produced, it must be based on such research. 
• Individual sensitivity to odors should be studied to identify differentially sensitive 
subgroups of the population. 
• Dispersion of odorants in the atmosphere should be studied more fully. Differences 
between point, area, and mobile sources should be taken into account. 
“Licorice” was the most common descriptor for the trans
isomer. An analysis of the exposed and naiv̈e subpopulations
indicates that the exposed group was very consistent, with
almost all the descriptors either “licorice” or “sweet”. The
exposed group had read news reports of the spill where
“licorice” was used extensively. They also had been exposed for
several weeks to the odors of 4-MCHM in the laboratory and
talked among themselves about the “licorice” odor descriptor.
Naiv̈e subjects were generally less aware of the spill and used a
much more diverse set of descript rs. “Sweet” was the most
common, followed by “almonds”, “fru ty”, and “licorice”.
The descriptors for the cis isomer exhibited a diﬀerent
pattern. The descriptors for the exposed group were more
varied. “Licorice” and “sweet” were again the most common,
followed by “strawberry” and “acetone”. The naiv̈e group
descriptors had much less variability, but this is because there
were relatively fewer detections. Thus, this ﬁgure is heavily
inﬂuenced by the two naiv̈e subjects who detected and
described the cis isomer at every test concentration used.
■ DISCUSSION
The unique abilities of GC-O-MS were essential for resolving
the components in crude 4-MCHM to provide chemical
identiﬁcation coupled to odor identiﬁcation. The ability to use
this instrument to directly sniﬀ varying concentrations of
individual cis- and trans-4-MCHM isomers was critical to
determine gas phase odor threshold concentrations.
Slight changes in chemical structure of odorant molecules
can profoundly aﬀect odor qualities of detection and
description principally because of alterations to odorant−
receptor interactions in the olfactory system.29 Chemical
structure-biological activity eﬀects are well-established for
odorants64,65 and conﬁrmed in this research for 4-MCHM.
Logistic regression calculated the population thresholds for
trans-4-MCHM (OTC = 0.060 ppb-v) to be 2000-fold lower
than for cis-4-MCHM (OTC = 120 ppb-v) (Table 2).
For individual subjects, OTCs varied from 0.004 to 4.62 ppb-
v for trans-4-MCHM. For cis-4-MCHM, the individual OTCs
varied from 0.003 ppb-v to >26.5 ppb-v, with most individuals
in the upper range as shown in Figure 3. For cis-4-MCHM, two
individuals detected all test concentrations and thus had OTC
= 0.003 ppb-v, which is lower than their OTC values for trans-
4-MCHM. Neither individual used “licorice” to describe the cis-
4-MCHM odor. The diﬀerences in cis- and trans-4-MCHM are
examples of the known variability in individual subjects and an
indicator of the known complexity of human odor percep-
tion.27,29,30
When the tested concentration range includes concentrations
that most subjects can positively detect, the OTC values
calculated by logistic regression and geometric means are
usually similar.57 This was observed for trans-4-MCHM as the
overall OTC values were 0.060 ppb-v for logistic regression and
only a factor of 2 higher (0.12 ppb-v) for the geometric mean.
For cis-4-MCHM, however, these two methods provided very
diﬀerent OTC values as is expected when the most subjects
cannot detect the odor even at the higher concentration. The
value of 120 ppb-v for logistic regression required an
extrapolation but is based on the actual percentages of detects
and nondetects at tested concentrations. The 5.31 ppb-v value
for the geometric mean is based on assuming that the subjects
would detect the next highest concentration.
Cognition and sensory research establishes that prior
exposure to an odor and its name produces an “odor memory”
that results in improved recognition for exposed individuals
compared to naiv̈e subjects.30,32,66 This phenomenon was
recently demonstrated for the musty drinking water odorant 2-
methylisoborneol where drinking water treatment personnel
could more accurately describe the musty odor than naiv̈e
consumers.67 In the present study, those with prior exposure to
4-MCHM consistently described the odor of the trans-4-
MCHM as “licorice” and “sweet”, while naiv̈e subjects had little
consensus and many odor descriptors (Figure 4). Additionally,
subjects who had prior exposure to 4-MCHM had an OTC for
Figure 4. Word clouds for 4-MCHM isomer odor descriptors.
Environmental Science & Technology Article
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 Lebrero et al. (2011) saw paths forward for nuisance odor regulation that involved two 
factors:  
• First, annoyance surveys of affected populations are needed to characterize the breadth of 
impacts and variability in receptors.  
• Second, more robust instrumentation that can detect odors analytically is needed.  
With these two factors in place, the ultimate goal of establishing accurate dose-response 
(concentration-nuisance) relationships can be achieved. A combined odor-concentration-
nuisance map, similar to noise maps required by some jurisdictions, would then allow improved 
odor regulation, response and urban planning. Sharing information and best practices across 
jurisdictions would elevate the quality of investigations and accelerate their evolution. 
 
5. Conclusions 
 
Some odorants are regulated by concentration limits at the fenceline of the source. Most 
odors, however, are mixtures of odorants, so regulations and standards have been developed to 
measure the dilution level required to reduce the total odor to non-detectable levels. This 
“pseudo-intensity” approach is the basis for predictive dispersion modeling and used, less 
frequently, as a component of nuisance odor investigations. Measurements of total odors are 
hampered by the intermittent nature of most sources and instrumentation. This often leaves the 
investigator with no option but to trust the complainant and try to verify the complaint using their 
own sense of smell. Repeated visits and upwind monitoring are common best practices. 
All jurisdictions face the challenge of reducing odors while at the same time allowing for 
industrial and urban development. Harmonization of efforts could lead to increasing ease and 
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more affordable implementation (Brancher et al., 2017). Increasing public concern over the 
impacts of odors, including on their health and property value, plus the advances in odor 
measurement technology are bound to lead to increased scrutiny and more stringent limits 
(Mahin, 2001; Nicell, 2009). 
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CHAPTER 3: Optimal Exposure Assessment of Environmental Odors 
 
Abstract 
 
 Exposures to environmental odors often result in complaints that local air inspectors must 
address. Unlike the exposure and risk assessment of conventional air pollutants, the human sense 
of smell can be used as a detector by the trained air inspector or a trained panel. Analytical 
instruments are sometimes used to confirm or further explore the identities of the individual 
odorant compounds that cause the odor as well as their levels. Approaches vary around the world 
on how best to conduct odor exposure assessment. The approaches were evaluated to determine 
an optimal path to a chemically complex issue that also involves perception and emotion. 
Practices and learnings from conventional exposure and risk assessment were applied. To screen 
an odor complaint, the most common approach is to consider the complaint in-and-of itself the 
exposure assessment, ideally verified by a trained air inspector. For complex or unresolved 
exposures, sensory methods such as the Odor Profile Method (based on APHA, 2012; see Curren 
et al., 2016) have been used to successfully identify culprit odorants using an odor wheel (Suffet 
and Rosenfeld, 2007), panel assessment of the intensity of the odor, and location information to 
identify the odor source. Confirmation is by analytical techniques, such as gas chromatography 
with a sensory port and parallel mass spectrometry. Sensory results, however, carry the caveats 
that they are only as good as the individual’s (analyst’s, inspector’s or panelist’s) sense of smell, 
that panel results can vary widely for the same odorant, and that a high level of training is 
required. Advances in electronic sensors have led to continuous monitoring of odorants but often 
miss the key odorants that actually cause to the odor. The promise of electronic noses that mimic 
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the human sense of smell remains allusive, often failing to perform as well in the field as in the 
laboratory. The path forward for environmental odor exposure assessment includes population-
based metrics of odor, such as odor diaries and plume monitoring by trained human panels, 
confirmed by modern analytical techniques. 
 
1. Objective 
 
The objective of this paper is to gather and review the technical approaches currently 
used to measure and monitor exposures to environmental odors. The technical approaches from 
around the world will be evaluated from a scientific standpoint as well as by applying practices 
from risk assessment, its framework and conventions, where appropriate. The goal is to identify 
best practices, identify any gaps and suggest how such gaps could be filled. The ultimate finding 
would be a universal approach that can be used for any odor complaint. This requires integrating 
disconnected research fields, not unlike the risk assessment of exposures to toxic chemicals has 
attempted. 
Investigations of nuisance odor complaints are the focus of this paper rather than 
predictive emission and dispersion modeling used to grant industrial facility permits. Some 
overlap between methods, however, exists. 
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2. Introduction 
 
 During a commencement address in 1914, Alexander Graham Bell wondered aloud to the 
audience: 
 
Did you ever try to measure a smell? Can you tell whether one smell is just twice 
as strong as another? Can you measure the difference between one kind of smell 
and another? It is very obvious that we have very many different kinds of smells, 
all the way from the odor of violets and roses up to asafetida. But until you can 
measure their likenesses and differences you can have no science of odor. If you 
are ambitious to found a new science, measure a smell. 
 
He further mused about reflecting smells and measuring their velocity, but today we know they 
are chemicals that travel by air movement.  
 
2.1 Background 
 
 Odors are complex mixtures that evoke complex responses. There is no single parameter 
that completely characterizes the exposure to and impact of an odor (Henshaw et al., 2006). 
Unlike vision and hearing, the language of odor perception is poorly developed. Some people 
have a sense of smell that is orders-of-magnitude more sensitive than others, and the 
offensiveness of a smell is highly personal and culturally based. Even the microbes living in the 
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nasal cavity can influence a person’s sense of smell (Koskinen et al., 2018; Rawls and Ellis, 
2019). Such variability applies equally to air inspectors as it does to the general public. 
 The physical environment also plays a role. Varying wind direction and speed lead to the 
transitory nature of odors, and multiple sources in the vicinity lead to difficulty in source 
attribution. Even temperature and humidity play roles in the perception of odor, which is often 
overlooked during exposure sampling and analysis. 
In addition to the large number of chemical compounds present in malodorous air, their 
typically low concentrations (ppb and ppt range) challenge the limits of even the best instruments 
(Muñoz et al., 2010). Known as the “odor gap,” the human nose can usually detect odors well 
below analytical instrument detectors’ capabilities (Vitko et al., 2017). Methods that use human 
panels to evaluate odors have been standardized over the years and can work well in parallel with 
traditional analytical instrument methods. The vision is to have analytical instruments (i.e., 
electronic noses) that completely mimic the human nose and sense of smell. 
 
2.2 How Risk Assessment Provides a Framework for Odor Assessment 
 
 The measurement and evaluation of exposure to conventional air pollutants is considered 
more evolved than that for odors (Brancher et al., 2017). The framework and methodology 
applied to conventional air pollutants – risk assessment – offers grounding principles and useful 
conventions that have evolved over time. Both fields evaluate human responses to chemicals in 
the air. Although risk assessments are often predictive of future events, they may also be 
conducted retrospectively as an investigative technique. 
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 Risk is, by definition, is the probability of an adverse outcome and its severity. For 
chemical exposures, risk is a function of hazard (properties that could lead to harm, i.e., toxic or 
adverse endpoints) and exposure (the amount of chemical that comes in contact with the 
receptor). The fundamental framework for risk assessment was established in the 1980s (NRC, 
1983). Figure 3.1 provides an overview of the various steps. These steps begin with the 
generation of basic information, proceed through identifying the hazards of the chemical(s) 
under evaluation, predicting how adverse effects vary with dose, and end with combining that 
information with exposure data to determine the incidence of adverse effects in a population. 
Beyond risk assessment, and beyond the scope of this paper, is subsequent regulatory, 
management and communication steps based on the risk assessment’s output and other factors. 
Given the variety of information required in a risk assessment, the field is truly multi-
disciplinary. The data and assumptions made along the way are evaluated for how much 
uncertainty they contribute to the results. Often an order of magnitude or more of uncertainty and 
variability are inherent in the output, which needs to be explained transparently to not “over sell” 
the results with a false sense of precision and accuracy. 
 63 
 
RESEARCH  RISK ASSESSMENT  RISK MANAGEMENT 
       
Laboratory and field 
observations of 
adverse health effects 
and exposures to 
particular agents 
→ 
Hazard Identification 
 
Does the agent cause the 
adverse effect? 
   Development of regulatory options 
  ↓    ↓ 
Information on 
extrapolation methods 
for high-to-low dose 
and animal-to-human 
→ 
Dose-Response Assessment 
 
What is the relationship 
between dose and incidence 
in humans? 
→ 
Risk Characterization 
 
What is the estimated 
incidence of the adverse 
effect in a given 
population? 
 
Evaluation of public health, 
economic, social, political 
consequences of regulatory 
options 
     ↓ 
Field measurements, 
estimated exposures, 
characterization of 
populations and 
behaviors 
→ 
Exposure Assessment 
 
What exposures are 
currently experienced or 
anticipated under different 
conditions? 
→  Agency decisions, actions and communication 
       
  
Uncertainty 
 
What is unknown or highly variable? 
  
 
Figure 3.1 Elements of the risk assessment and ancillary processes. Adapted from Paustenbach 
(2002) and National Research Council (1983) 
 
 Given the risk assessment process and its inherent limitations, the following insights are 
offered:  
• Results should be presented with no more than 1 digit (1 significant figure), unless the 
underlying data justify more 
• Preferably, results should be presented as ranges 
• A sensitivity analysis can reveal which factors influence the results 
• Achieving analytical detection limits below the levels of concern (hazard benchmarks 
from the dose-response assessment) is essential yet often difficult to achieve 
• Uncertainties need to be acknowledged transparently 
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Risk assessment tends to separate exposures into acute (short-term, infrequent) and chronic 
(long-term, frequent), with sub-chronic falling in-between. 
 A pragmatic approach to risk assessment is to first conduct a screening-level assessment 
based on crude approaches likely to overestimate risk. If the risk is found to be reasonable from 
such an approach, no further work is necessary. If not, then a more detailed, refined assessment 
is conducted. 
 For the exposure assessment (double-line bordered in Figure 3.1), the focus of this paper, 
a conceptual model guides the evaluation. The conceptual model traces the origin of the 
chemical (source), indicates how it is released, allows for transport of the chemical, includes 
possible routes of exposure, and indicates who might be exposed (receptors). Odors are released 
from a variety of sources, travel through the air and then are inhaled by local populations.    
 Risk varies across a population due to biological differences (e.g., age, sex, health, 
genetics), culture, lifestyle, level of exposure and prior exposures. To protect vulnerable 
subpopulations, a safety factor (extra margin) is usually applied. 
 Perhaps the greatest challenge for both odor assessment and risk assessment is mixtures. 
We are exposed to a wide variety of chemicals through food, medicine and the environment, yet 
risk assessment often focuses on a single chemical in isolation. Odor assessment follows suit, 
focusing often on only one odorant. Such an unrealistic approach is destined to produce highly 
skewed or biased results, probably in unknown directions (possibly over or underestimating 
risk). Odor assessment has the advantage of tests being performed by human panels, which can 
evaluate the whole mixture of the sample. Risk assessment relies on epidemiological 
reconstructions for human data. 
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 Risk assessment, however, has developed approaches for mixtures. A simple, screening-
level approach is to determine the risk-driver for the mixture. Adding up the individual effects is 
another crude approach. 
 A simplifying aspect for odor exposure assessment is that human olfaction has evolved to 
differentiate between only a few significant stimuli. Typically, around 3 or 4 odors are sensed at 
a time, which decreases the complexity of the mixture (Jinks and Laing, 2001). Those odorants 
that trigger intense, familiar or unpleasant sensations are more likely to be noticed while the 
remainder are lost in the signal “noise” or sensory filters. Or this limitation may due to inability 
to name a substance, rather than failure to detect the difference between odors (Ruth, 1986). 
 Both risk assessment and the evaluation of odors suffer from high degrees of uncertainty 
and variability. The personal nature of odor perception introduces fundamental variability. The 
health effects evaluated in risk assessment have a similar range of variability due to the 
biological variability of humans, which is increased further by the extrapolation of animal studies 
to humans. Therefore, each health effect benchmark value, such as a toxic reference dose, is 
typically presented with one significant figure due to the inherent uncertainty, which typically 
spans an order of magnitude. Exposure results, too, are uncertain due to modeling assumptions or 
analytical imprecision, as well as sample collection issues. In reality, one significant figure is a 
misrepresentation, and a range (or distribution) would be more accurate. Making judgements 
using ranges, however, is difficult so single values (at the extreme of the range) are typically 
used. A sensitivity analysis (i.e., re-running the comparison with different assumptions) helps 
show the possible range of results. 
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 Acknowledging uncertainties is key to interpreting results and making comparisons. 
Transparency each step of the way is paramount, otherwise overconfidence in shaky results may 
occur.  
 Both the best practices (Clean Air Strategic Alliance, 2015) and draft guidance 
(Government of Western Australia, 2018) include a tiered approach to odor evaluations. Such 
has long been used in risk assessment to streamline the work. First, a screening-level evaluation 
is performed using crude assumptions and approaches. If the exposure is deemed acceptably low, 
there is no need for further work. The same applies to odor investigations. If a straightforward 
evaluation by an air inspector identifies the source and resolves the issue, no complex further 
investigation need ensue. In both cases, if the screening-level approach identifies concerns, then 
a detailed analysis is undertaken. 
 
2.3 The Language of Odor Perception 
 
 Describing an odor in detail is often difficult, so most complainants start with saying 
“something smells bad” and then struggle to give further details. Unlike other senses with broad 
vocabularies, smell is anchored in the source of the odor and the person’s history with that 
source. In a way, our sense of smell is learned. Attributing words and meanings to odors occurs 
over a lifetime and even changes over time.  
 The food and beverage industry has attempted to make a science out of sensory 
description. Beer, wine and coffee are prime examples. Perfume formulation takes this to another 
level. To avoid complaints, the drinking water industry has developed taste-and-odor assessment 
protocols. 
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 In this section, the truly sensory aspects of odor (odorant behavior in mixtures, odor notes 
and intensity) as well as the judgement (odor hedonic tone) are presented followed by the 
temporal aspects (odor frequency and duration). The section concludes with observations about 
the influence of language and culture on odor perception. 
 
Odorant behavior in mixtures 
 
 Environmental odors are typically mixtures of chemicals (individual odorants). The rare 
exception is the release of a single odorant from a chemical industry facility. The various 
odorants within a mixture trigger the olfactory sense in “concert” similar to the various notes in 
an orchestral piece of music. The perfume (Ellena, 2008) and fragrance (Bridges, 2002) 
industries are built largely upon this principle. The interplay of odorants in a mixture can be 
complex, with both synergistic (amplification) and antagonistic (dampening) effects taking place. 
 Perfume has the function of covering up other odors. In odor terminology, this is called 
“masking.” Landfill and bio-waste sites are known to use scents such as “cherry” at their 
perimeter (Jacobs et al., 2007), yet in an evaluation of commercially available masking products 
(which contained masking, neutralizing and inhibiting agents) only 4 out of 26 were able to mask 
odors successfully (Decottignies et al., 2007). All 4 were neutralizing agents that reacted with 
odorants. 
 Within an environmental odor sample, certain odorants may mask others. Only upon 
dilution to a point where the major odorants are no longer perceptible are the minor odorants 
noticed. This dilution effect has been termed “peeling the onion” (Vitko et al., 2014; Zhou, 
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2017), where one layer of odor leads to another. Further discussion of this effect is in the section 
on odor intensity. 
 The odorants within a mixture are subject to the same physicochemical processes and 
dispersion as any conventional air pollutant. The same exposure models, such as fate and 
transport, apply; however, the identities and concentrations of the individual odorants are often 
unknown, rendering such modeling impossible. To get around this issue, a pseudo-concentration 
approach has been developed, which is discussed in Section 4.2. 
 The overwhelming majority of the molecules in air are odorless. These include nitrogen, 
oxygen, water, hydrogen, helium and carbon monoxide. Rather uniquely, carbon dioxide is 
odorless until it reaches 200-fold above background levels (Amoore and Hautala, 1983), at 
which point is triggers the nasal trigeminal (pain) receptors rather than the olfactory (smell) 
receptors. 
 
Odor notes 
 
 Colors have agreed-upon descriptions, and graphic artists often use Pantone® numbers as 
specific identifiers. Musical notes have frequencies assigned to them and arranged into scales 
(keys). Odorants, too, have descriptors, known as “notes,” the term used in ISO 5492:2008 
(Sensory analysis – vocabulary). For example, “fishy,” “swampy,” “rotten egg,” “pungent,” or 
“tingly” are odor notes. An atlas of panel-derived odor notes has been published (Dravnieks, 
1985). The odor note, however, may change with the concentration (RIVM, 2009). Hydrogen 
sulfide at levels above 20 ppm changes from its characteristic “rotten egg” odor note to a “sweet” 
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odor note, and at even higher concentrations, which are toxic, hydrogen sulfide becomes 
odorless. 
 The response to an odor is highly personal and depends on “odor memory” – previous 
exposure and knowledge about the odor source (Dalton, 1996). Common descriptors associated 
with specific odorants, however, may aid in determining the source of an odor. Odor wheels have 
been developed for specific odor notes associated with certain sources, such as landfills, 
composting and WWTPs (Appendix A).  
 Odors as mixtures make assigning odor notes more complex. As with wine tasting, 
several dominant notes may be present, along with several subtle notes. These, too, change as the 
mixture is diluted or ages, or as temperature and humidity change. 
 
Odor hedonic tone 
 
As with sound and color, some odor notes (and mixtures thereof) may be perceived as 
pleasant or unpleasant. This is the “odor hedonic tone,” also known as the acceptability of the 
odor. Dravnieks (1984) published on this topic, and a scoring system is named after him. Odor 
hedonic tone is a highly subjective determination, open to large variation across a population and 
appears to be learned rather innate (Jacob and Wang, 2006). Odor hedonic tone varies as the 
odorants increase or decrease, sometimes progressing through flip-flops between pleasant and 
unpleasant (Nimmermark, 2004). 
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Odor intensity 
 
 Odor intensity – the magnitude or strength of an odor – has received considerable 
attention. Unlike odor notes and hedonic tones, which can be fairly subjective for the untrained, 
odor intensity is pursued as a quantifiable, even scalable, attribute of odor perception. The belief 
is that odor intensity is akin to brightness or loudness, which are quantifiable through physics, 
yet odors are a chemical sense with accompanying complexities. Nonetheless, two approaches 
have been attempted: assigning words or numeric scores to intensity levels, or determining the 
amount of dilution required until the intensity is no longer detectable. For a single odorant, 
intensity appears to be linked to the odorant’s concentration. In mixtures, such a link is tenuous 
or absent. Although odors are typically mixtures, it is much easier to study individual odorants.  
 The mathematical connection between odorant concentration and perceived intensity is 
called the Steven’s power law (Stevens, 1960; Greenman et al., 2005).  
 
 Intensity = a (Concentration)b (Eqn. 3.1) 
 
Where a and b are constants for a given odorant. Steven’s law gives a linear plot of logarithm 
concentration against logarithm intensity.  
 A simpler, although less-precise, formula is called the Weber-Fechner law (Fechner, 
1860). The Weber-Fechner law gives a linear plot of logarithm concentration against intensity. 
Fechner, a student of Weber, observed that the differences in the concentration of an odorant that 
caused “just noticeable differences” in perceived intensity was logarithmic, meaning an intensity 
difference is noticeable for a small change in concentration when the starting point is low and to 
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achieve the same “just noticeable difference” at a high starting point requires a much larger 
change in concentration (Figure 3.2). 
 
Figure 3.2 Equal increases in intensity (y axis) require increasing larger (logarithmic) changes to 
concentration (x axis) 
 
Although this observation applies only to the region where an odorant intensity is readily 
perceived, researcher have expanded it to the lower end of the range, which may be highly 
unreliable. As the intensity approaches the point of disappearance, panelists give very different 
responses. At the odor-detection threshold, up to 1,000-fold differences in odor (and irritation) 
detection have been observed in controlled human studies (Wysocki et al., 1997). Trained panels 
tend to give lower results (increased sensitivity) as they gain experience (Livermore and Liang, 
1996; Tempere et al., 2011). 
Concentration (ppb or mg/m3, for example) 
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 The literature gives three versions of the Weber-Fechner law in equation form (Jiang et 
al., 2006; Wu et al., 2016; Zhou et al., 2016a): 
 
 Intensity = k Log (Concentration)  (Eqn. 3.2) 
 Intensity = k Log (Concentration/ODTC50) + 0.5 (Eqn. 3.3) 
 Intensity = k Log (Concentration) + b (Eqn. 3.4) 
 
Where the concentration is units such as ppb or µg/m3, and k is a constant (called the Weber-
Fechner coefficient) that is unique to each odorant. The linear intercept is either fixed to 0 (Eqn. 
3.2), 0.5 (Eqn. 3.3) or allowed to vary uniquely for each odorant, as represented by b (Eqn. 3.4). 
 Whether the concentration is used directly (Eqns. 3.2 and 3.4) or divided by a reference 
concentration (ODTC50 in Eqn. 3.3) does not impact the relationship between intensity and 
concentration. The inclusion of an intercept, however, fundamentally changes the slopes of the 
lines and does fundamentally alter the relationship. The original Weber-Fechner law included no 
intercept (Eqn. 3.2). Researchers added the 0.5 intercept to account for “the definition of the 
odour threshold concentration which states that 50% of the panellists perceive weak odour while 
the others perceive no odour” and proceeded to use an intensity scale that ranged from 0 to 5 
(Wu et al., 2016). Other researchers also used the equation with the 0.5 intercept, but the 
intensity scale ranged from 0 to 6 (Jiang et al., 2006). The effect of the 0.5 intercept in both of 
these studies was to assign an intensity score of 0.5 to the ODTC50 concentration, which had 
nothing to do with the percent of the panelists perceiving or not perceiving and odor. 
 Another researcher allowed the intercept to float uniquely for each odorant (Eqn. 3.4) and 
used a 0 to 12 intensity scale (Zhou, 2017; Zhou et al., 2018), which scale been used in flavor 
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and drinking water profiling (APHA Method 2170, 2012). The results of these three approaches 
are dramatically different (Figures 3.3 and 3.4) because the fixed intercept forces all lines to the 
same point while the floating intercept allows for very different linear fits to the data. Further 
research is needed into the equation that best fits the relationship between concentration and 
intensity scales. 
 
 
Figure 3.3 Representation of intensity versus logarithm of odor concentration 
(concentration/ODTC50) with the intensity set to 0.5 at the ODTC50 for two theoretical odorants 
i and j (Wu et al., 2016) 
 
for this investigation. The chemical characteristics of these sub-
stances are presented in Table 2.
In total, 24 binary mixtures of Ethyl acetate and the other six
substances with identical concentrations of 10, 20, 50, and
100 mg m!3, respectively, as well as 5 mixtures of all the seven
substances with concentrations of 2, 5, 10, 20, and 50 mg m!3,
respectively, were prepared for this investigation.
2.3. Olfactometric measurements
The odour threshold concentration COT (mg m!3) of each pure
substance, odour concentration and odour intensity (ColfOD and OI
olf)
were measured by dynamic olfactometry (AC'SCENT, USA) with
Forced-Choice Ascending Concentration Series Method, which meet
both (ASTM E679-04, 2011) and (EN13725, 2003) as shown in our
previous study (Wu et al., 2015). The odour threshold concentration
COT is used to determine the speciﬁc odour mass mOD (mg ouE!1).
The deﬁnition of mOD is analogue to the European reference odour
mass (EROM) for n-Butanol in the EN13725 (2003). The spreading
of mOD in 1 m3 of pure air gives the unity odour concentration
COD,0 ¼ 1 ouE m!3. The mOD can be calculated from the odour
threshold concentration COT and the unity odour concentration
COD,0 ¼ 1 ouE m!3 by mOD ¼ COT/COD,0. COD is then calculated by
COD ¼ C/mOD with the proper dimension of an odour concentration
(ouE m!3).
The relationship between OI and COD was measured with a
suprathreshold gaseous substance by the olfactometer. Each pan-
ellist sniffed the three sample presentations from the olfactometer
at each desired dilution level, one of which contains the gaseous
substance while the other two are “blanks”. The panellists
continued to record OIolf of the presentation containing the dilute
gaseous substance until OIolf reached the maximum of the intensity
scale. COD of the dilute gaseous substance at each of the dilution
level was calculated as the ratio of chemical concentration to mOD.
Then the OI e COD relationship was derived by ﬁtting the homol-
ogous OIolf and the COD to the WebereFechner formula (Wu et al.,
2015). To determine the intensityeconcentration relationship, at
least 5 different concentrations were offered to the panellists. The
highest concentration was selected to reach an intensity of grade 4
(strong odour) to 5 (extremely strong).
The ColfOD and the OI
olf of the 29 mixtures of odorous substances
were measured by dynamic olfactometry in the way as it was done
with the pure substances. One mixture had to be eliminated
because ColfOD was below the detection limit of the olfactometer.
2.4. Data analysis
The relationship between the odour intensity OI and the odour
concentration COD is described by the WebereFechner law for a
certain substance i according to
OIi ¼ ki log COD;i þ 0:5
with the odour intensity OIi, the logarithmically transformed odour
concentration COD,i, and the slope ki, which is often called
WebereFechner coefﬁcient. In general, the intercept d of the
WebereFechner law is determined by a regression analysis. How-
ever, for gaseous substances with COD ¼ 1 ouE m!3, the theoretical
odour intensity ought to be OI ¼ 0.5 according to the deﬁnition of
the odour threshold concentration which states that 50% of the
Table 1
Formula apparatus for the conversion of the concentration of single substances Ci (mgm!3) into odour concentrations COD (ouE m!3) and odour intensities OI (!) of an odorous
mixture by four different methods: (1) method based on the concentration C, (2) the sum of the odour activity values SOAV, (3) the sum of odour intensities SOI, and (4) the
equivalent odour concentration EOC. Additional input is the odour threshold concentration COT,i (mgm!3) and/or the slope ki of theWebereFechner law. The parameters of the
reference substance Ethyl acetate are denoted by j.
Conversion method Additional input Odour concentration COD (ouE/m3) Odour intensity OI (!)
C e CCOD ¼ kc
P
Ci=mOD;0 OI
C ¼ log CCOD þ 0.5
SOAV COT,i SOAV ¼
P
Ci/mOD,i OISOAV ¼ log SOAV þ 0.5
SOI COT,i, ki CSOIOD ¼ 10
SOI!0:5
kj
SOI ¼ logP10OIi
OIi ¼ ki logCi!mOD;i þ 0:5
EOC COT,i, ki EOCj ¼
Pn
i¼110
ki
kj
log CimOD;i OIEOCj ¼ kj log EOCj þ 0:5
mOD,i ¼ COT,i/COD,0 with COD,0 ¼ 1 ouE m!3, kc is the proportionality constant.
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Fig. 1. Schematic representation of the conversion by the equivalent odour concen-
tration EOC method for two odorous substances i and j (reference substance with the
shallow slope) with 100 ouE m!3. The equivalent odour concentration of substance i
yields the same odour intensity which results in Cj ¼ 1000 ouE m!3.
Table 2
Chemical characteristics of the odorous monomolecular substances used in the present investigation.
Substance Butyl acetate Benzene Ethyl acetate Toluene m-Xylene o-Xylene a-Pinene
C6H12O2 C6H6 C4H8O2 C7H8 C8H10 C8H10 C10H16
CAS No 123-86-4 71-43-2 141-78-6 108-88-3 108-38-3 95-47-6 80-56-8
Purity 99.5% 99.5% 99.5% 99.5% 99% 99% 97%
Supplier J&K Scientiﬁc ltd J&K Scientiﬁc ltd J&K Scientiﬁc ltd Sinopharm Chemical Reagent Beijing Co., Ltd J&K Scientiﬁc ltd J&K Scientiﬁc ltd J&K Scientiﬁc ltd
C. Wu et al. / Atmospheric Environment 127 (2016) 283e292 285
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Figure 3.4 Representation of intensity versus logarithm for 9 odorants (the red line, at intensity 1, 
was defined as the ODTC50) (Zhou, 2017) 
 
 To use the above equations, an intensity scale needs to be used that offers interval 
scaling, i.e., a doubling of the score means a doubling in perceived intensity. Initial work by 
Arthur D. Little avoided such scaling and applied symbols and words to relative intensity bins 
(Caul, 1957) (Table 3.1). Researchers turned this into a mathematical scale (although that was 
never the original intention) and chose at one point to multiply the scores by a factor of 4 
(Bartels et al., 1986) (Table 3.1). After this arbitrary expansion, the score 1 was then deemed to 
be the odor detection threshold concentration for 50% of panelists (ODTC50), although such an 
approach is advised against in the guidance (APHA, 2012). This approach to odor intensity is 
included in the Odor Profile Method, which is presented in Section 4.2. 
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Figure 6.3. Weber-Fechner Curves for Individual Odor-Threshold Concentration 
Determination of an Odorant in Tedlar Bags except for indole and skatole which were 
determined in Teflon Bag
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Table 3.1 Intensity score origin and its expansion for the Odor Profile Method 
Intensity Description 
Arthur D. Little Intensity Symbol 
and Score 
(Caul, 1957) 
Odor Profile Method Intensity 
Score 
(expanded from APHA, 2012) 
No odor 0 0 
Detection threshold  
(detect but cannot describe odor) 
)( 
1 
Very weak, barely perceptible 2 
Weak = recognition threshold 
(clearly exists but takes time to 
describe) 
+ (or 1) 4 
Moderate  
(uncomfortable to smell for an 
extended period) 
++ (or 2) 8 
Strong  
(unbearable to smell for even a 
short period) 
+++ (or 3) 12 
 
 
 The predicted ODTC50 using the 0-12 scale for several chemicals was within the range of 
the values from more traditional methods (Zhou et al., 2016a; Zhou, 2017; Curren, 2012). 
Although the intensity scale is ordinal (i.e., ordered categories that have no mathematical 
relationship), it is handled as a metric scale (i.e., a mathematical relationship exists such that a 
doubling of the score means a doubling of intensity) (Wu et al., 2016), presumably because it 
simply works. As with analytical instruments, the zero (0) intensity score is not included in the 
linear regressions. Note that the above equations use the base-10 logarithm rather than the 
natural logarithm, which is used in most science, perhaps because decibels use the base-10 
logarithm. 
 Another method of finding the intensity of an odorant is through repeated dilutions of the 
sample (ASTM Method E679-04, 2011). These dilutions are presented to panelists from high 
concentration (low dilution) to low concentration (high dilution) using continuous airflow to a 
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nose port by a dynamic dilution instrument (e.g., olfactometer). Two odorless blanks and the 
sample are presented, and the panelist chooses which one is odorous (i.e., triangle forced choice). 
In Asia, the standard method is 3 bags (two blanks and one sample) instead of continuous flow. 
Points along the intensity curve can be observed, but it is typically the ODTC50 that is sought. 
 Both methods, using an intensity scale or dilutions, are used to analyze mixtures as well. 
Mixtures are more complex and do not necessarily follow the above associations. Specifically, 
the number of dilutions required to reach the odor-detection threshold for a mixture does not 
properly reflect the actual sensory intensity (ASTM, 2010, note X2.1), as demonstrated by a 
study of fecal odorants (Zhou et al., 2016a). In other words, odor intensities increase and 
decrease with concentration at different rates for different odorants, not to mention the 
antagonistic and synergistic effects that also occur. 
 A comparison of two intensity methods commonly used to evaluate single odorants were 
compared (Curren et al., 2014) (Table 3.2). One method used various vials of n-butanol as 
reference points to provide a sniffed intensity scale for panelists (ASTM, 2010), while the other 
used three tasted solutions of sugar at different concentrations (APHA, 2012). The latter 
approach was applied to odor research based on the cross-modal premise that our senses are 
linked, so taste can be used to inform the sense of smell (Small and Prescott, 2005; Spence, 2015 
and 2016). Although the two anchors (n-butanol versus sugar) were not necessarily parallel at the 
high end of their scales (sugar was anchored at “strong” intensity while n-butanol was 
unanchored and arbitrarily set at 10 doublings of concentration, i.e., 512-fold increase), they 
compared favorably (Table 3.3). Therefore, the result of this study cannot be used to say the two 
scales are similar beyond this one study’s (Curren et al., 2014) approach. Further, the n-butanol 
method advises against translating the results into perceived odor intensities (ATSM, 2010, note 
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X2.3). A comparison with the other anchors (i.e., citric acid, sodium chloride, caffeine) would be 
informative (Table 3.2).  
 
Table 3.2 The n-butanol (ASTM, 2010; CEN, 2003), Arthur D. Little (Caul, 1957) and Odor 
Profile Method (expanded from APHA, 2012) intensity systems 
   
Intensity Description 
ASTM Odor 
Intensity 
Reference  
(n-butanol) 
Flavor Standard in Water (by weight) a 
Sugar b 
(sweet) 
Citric 
Acid  
(sour) 
Sodium 
Chloride  
(salty) 
Caffeine 
(bitter) 
ADL 
Intensity 
Symbol 
OPM 
Intensity 
Score 
No odor  0% 0% 0% 0% 0 0 
Detection threshold  
2-6 ppm in air 
2.5 mg/L in water 
(headspace) 
–  – – – 
)( 
1 
Very weak ? – – – – 2 
Weak  
(recognition threshold) ? 
5% 
(canned 
fruit) 
0.05% 
(fruit jelly) 
0.4% 
(bread) 
0.05% 
(peanuts) 
+ 
(or 1) 4 
Moderate ? 10% (soda) 
0.10% 
(soda) 
0.7 
(soup) 
0.1% 
(coffee) 
++ 
(or 2) 8 
Strong ? c 
15% 
(syrup, 
jelly) 
0.20% 
(lemon 
juice) 
1.0 
(soy 
sauce) 
0.2% 
(baking 
chocolate) 
+++ 
(or 3) 12 
a Relies on taste-to-smell sensory extrapolation. 
b Recommended for use during actual sample analysis. 
c Curren et al. (2014) assumed this to be 1,280 mg/L, yet no such definition is found elsewhere in the literature. 
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Table 3.3 Comparison of two odor-intensity anchor methods – n-butanol (ASTM, 2010) and 
sugar (APHA, 2012) – by Curren et al. (2014) 
Scoring System Low end of scale =  detection threshold 
High end of scale = 
“strong” threshold 
ASTM score:  
(and sensory reference) 
1  
(2.5 mg/L n-butanol in water, 
headspace) 
10 
(1,280 mg/L n-butanol in water, 
headspace) a 
APHA-FPA score: 
(and sensory reference) 
0.8 
(by extrapolation) 
10 
(15% sugar in water, taste) 
     
PANEL SCORE SUMMARY 
     
Concentration (butyric acid in water): 0.5 mg/L 1.5 mg/L 5 mg/L 10 mg/L 
ASTM score: 2 ± 1 3 ± 2 5 ± 2 6 ± 2 
APHA-FPA score: 1 ± 2 2 ± 2 5 ± 2 7 ± 2 
     
Concentration (dimethyl sulfide in water): 0.005 mg/L 0.05 mg/L 0.25 mg/L 0.75 mg/L 
ASTM score: 3 ± 2 5 ± 2 7 ± 2 8 ± 2 
APHA-FPA score: 1 ± 1 3 ± 2 6 ± 3 8 ± 2 
a The ASTM method does not indicate an unbearable threshold for n-butanol, but rather a solubility limit 
(70,800 mg/L at 30°C). The value 1,280 mg/L appears to have been chosen arbitrarily by Curren et al. (2014).  
 
 
Note the similarities between odor-detection thresholds and method detection limits for 
analytical chemical analyses. Both are statistical measures that become less precise and highly 
variable when near these limits, with sensory thresholds showing greater variability, often of two 
orders of magnitude (APHA, 2012). Both the physical setting (temperature, humidity, 
background contamination/interference) and panelist’s unique situation (mood, level of training, 
inherent sense of smell, allergies, culture, lifestyle) can lead to such large variability, even from 
one day to the next. Therefore, presenting an ODTC50 as a range rather than a single value is 
recommended (Lawless and Heymann, 2013). If data are only generated suprathreshold, then a 
Weber-Fechner plot (logarithm of concentration versus intensity) can be used to crudely estimate 
an ODTC50. Quality controls should include method blanks and spiked samples, and analyzing 
samples in triplicate allows for the calculation of standard deviations (e.g., Curren et al., 2014). 
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Odor frequency and duration 
 
For risk assessment of conventional air pollutants, frequency and duration are temporal 
aspects used in the calculation of exposure and indicate the appropriate hazard benchmark (acute, 
subchronic or chroic). For odor assessment, frequency and duration also are part of the sensory 
experience because they alter the perception of odor (Van Harreveld, 2001). An individual can 
become “used” to an odor (habituation) and no longer able to detect it. Because odors are sensed 
within a few seconds or less, any averaging times applied to measurements may miss the peaks 
that trigger the complaints. Noting the frequency and duration of odor events can help inspectors 
and facility operators identify odor sources based on operation schedules and weather patterns. 
 
Influence of culture and language 
 
 English speakers typically refer to a smell by its source (Majid, 2015). When forced to 
avoid using source terms, the descriptors “stinky,” “fragrant” and “musty” are used most often. 
Subsistence hunter-gatherers in the Malay Peninsula, by comparison, have a rich olfactory 
language, naming smells as easily as colors (Majid and Kruspe, 2018). Dutch participants in a 
study had the same facial expressions as the hunter-gatherers when smelling odorants; however, 
the words selected to describe the odors were vastly different, the Dutch words tending be vaguer 
(Majid et al., 2018a). Overall, smell tends to be poorly coded in languages as compared to other 
senses, yet this seems to be based in cultural norms rather than any neurological reason (Majid et 
al., 2018b). 
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 A study of women in Japan and Germany (Ayabe-Kanamura, 1998) found that food 
preferences particularly influence odor perceptions. Odor intensity ratings varied between the 
two groups, leading researchers to conclude that life experiences play a role in odor perception. 
A study came to a similar conclusion for Mexican and German women (Distel et al., 1999).  
 
3. Materials and Methods 
 
As a starting point, the previous reviews of odor-measurement methods conducted by 
doctoral students were consulted (Zhou et al., 2016a,b, and 2018; Abraham et al., 2015; Curren 
et al., 2014 and 2016). These reviews built upon a substantial review (Muñoz et al., 2010), an 
effort sponsored by groups in Australia and Spain. 
To update the prior work, a literature search was conducted post-2010 to gather the most 
recent methods and critiques. The search was conducted online and at the UCLA and CARB 
physical libraries. When relevant articles or books were found, the “cited by” function was used 
to discover even more up-to-date information. Reviews of the latest approaches to odor exposure 
measurement and risk assessment were sought. Finally, relevant websites (such as odor 
consultants) and posted materials that are not typically available in scientific journals were 
searched. 
The starting point for risk assessment methodology (and the exposure assessment 
component therein) was the foundational work by the National Research Council (1983), now 
updated for the 21st century (2007, 2009, 2012). The programs that grew out of the original work 
have issued their own guidance, which was also consulted. Such programs include pesticides 
(USEPA, 2012), site remediation (USEPA, 2019), exposure factors (USEPA, 2011) and 
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California-specific work (DTSC, 2015). International efforts, such as the review of the chemicals 
in commerce in the European Union (ECHA, 2019), were also consulted. The 1,556-page tome 
edited by Dennis Paustenbach (2002) titled “Human and Ecological Risk Assessment: Theory 
and Practice” was an additional starting point.  
Risk assessment principles and terminology will be used to organize and structure the 
field of odor exposure assessment. The risk assessment framework will not be applied per se to 
environmental odor cases but, rather, offer well-established concepts, conventions and 
terminology that can be applied to odors. As one example, the challenge of evaluating real-world 
chemical mixtures rather than a single chemical at a time applies to both fields.  
At the core of the evaluation will be the scientific merits of the various approaches to 
ensure any recommendations are evidence-based. The strengths and shortcomings of popular 
sensory and instrument methods (and hybrid sensory/instrument methods) will be reviewed. 
 
4. Results and Discussion 
 
4.1 Community Engagement 
 
 Although subjective, the participation of the local community in odor studies has proven 
to be a useful tool to qualitatively evaluate odor exposures (Gallego et al., 2008). Methods to 
involve the community in an odor investigation include: 
• analyzing existing complaint databases 
• administering surveys 
• keeping odor diaries 
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• holding community meetings 
 Odor diaries are especially helpful and can be correlated with activities at the potential source. 
 The various techniques to assess the impact of malodor on communities have been 
reviewed (Hayes et al., 2014). Although the field still requires refinement, investigations that 
integrate three tactics – hybrid analytical/sensory instrument measurements, panelist testing and 
comprehensive community surveys – have proven successful (de França Doria et al., 2009). 
Germany has several standards regarding community odor assessment (see Appendix B). 
 Involving the community is not only a rich source of information, it also can have a 
positive psychological effect. Biases against the potential source of the odor, however, can 
override the usefulness of the data (Sironi et al., 2010).  
 
4.2 Sensory Methods 
 
 Sensory methods use the human nose as the detector. Because odor complaints arise from 
this same detector, it is the “gold standard.” As discussed in Section 2.3, our sense of smell can 
detect odor notes, although our vocabulary may struggle to supply the right words. The odor 
hedonic tone is more easily assigned. The odor intensity may be assigned categorical words or 
scores or placed on a scale. The scaling of intensity has led to the techniques discussed in this 
section. As with all else pertaining to odors, evaluating individual odorants is an 
oversimplification of their contribution to the total odor of a mixture. 
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Odor profiling 
 
While chemical analyses can identify a subset of odorants and their concentrations in 
ambient air, chemical analyses often do not directly relate to human sensory experiences 
(Gostelow et al., 2001). Odor samples usually contain multiple odorants that can have synergistic 
and/or antagonistic effects on each other, altering the overall perception. Odor is not simply 
additive, unlike concentration. Further, the human nose is usually more sensitive than analytical 
techniques. 
 Therefore, the most accurate way to evaluate an odor it to judge its properties “as is.” 
This direct approach is called “odor profiling” and can be performed at the location where the 
odor is observed (in situ) or by capturing a sample and transporting it to where a trained (or 
naïve) observer is located (Jiang et al., 2006).  
 A specific version of this approach, the Odor Profile Method (OPM; Burlingame 1999, 
2009), has been developed based largely on flavor profiling for the food and drinking water 
industries, specifically Method 2710 “Flavor Profile Analysis” by the APHA (2012). OPM 
includes two parts: first, identifying one or more odor notes in the sample and, second, 
determining the odor intensity for each odor note. Duration of the odor at the site fenceline can 
also be included as a third factor (Burlingame, 2009). OPM can be part of a diagnostic 
investigation or an ongoing monitoring program.  
 Rather than have panelists use their own natural, naïve language to describe the odor 
notes, a standardized vocabulary has been developed. Note, however, that only up to 2 odorants 
per mixture (up to 4 for experts) can be recognized by trained panelists (Poupon et al., 2018). 
The standardized vocabulary has been tabulated for several industries and displayed graphically 
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as wheels. Appendix A includes a collection of odor wheels, and Table 3.4 is a side-by-side 
presentation of their content. Over the years, such wheels have contributed a standardized way to 
classify, communicate, and identify odor notes, and sometimes the underlying odorants, in 
emissions (Muñoz et al., 2010). 
 Odor wheels consist of three rings: an inner ring of general odor notes, a middle ring of 
more specific odor notes within each segment and an outer ring of potential odorants associated 
with each odor note. Their development has been described (Suffet and Rosenfeld, 2007). A taste 
and odor wheel for drinking water has been a major contributor to that field (Suffet et al., 2019). 
 
Table 3.4 Common odor notes and their associated odorants and sources 
Odor Note (Broad) Odor Note (Specific) Odorant 
Odor Source 
W
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Nose feel 
Pungent 
ammonia X   X X  X 
formaldehyde    X X X X 
sulfur dioxide    X X  X 
Irritating – X       
Metallic, hot metal, 
chrome ferrous sulfate X   X X  X 
Sharp – X       
Acid 
Nitric acid nitric acid    X X  X 
Sulfuric acid sulfuric acid    X X  X 
Acid –    X X X X 
Earthy, musty, moldy 
Earthy geosmin X X X X    
Musty 2-methylisoborneol X X X X    
Moldy 2,4,6-trichloroanisole X X X X    
Dusty –  X  X    
Oxidant, chlorinous Chlorinous 
chlorine X   X- X-   
monochloramine X       
dichloramine X       
Grassy, woody, 
smoky 
Woody – X X X     
Green, grass cis-3-hexen-1-ol X X X X-    
Cardboard – X       
Hay β-cyclocitral X X X     
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Odor Note (Broad) Odor Note (Specific) Odorant 
Odor Source 
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Sulfur, cabbage, 
garlic 
Decaying vegetation – X       
Rotten egg hydrogen sulfide X X X X X X X 
Natural gas ethyl mercaptan  X  X X X X 
Garlicy allyl mercaptan X X X     
Canned corn, rotten 
vegetable dimethylsulfide X X X X X X  
Rotten cabbage dimethyldisulfide X X X X X X  methyl mercaptan   X X X X  
Marshy, swampy, 
rotten garlic dimethyltrisulfide X  X X X X  
Skunk – X X X X X X X 
Burnt rubber sulfidy – X       
Coffee grounds – X       
Fragrant, fruity 
Soapy, detergenty 1-dodecanal X  X     
Fruity – X X X X    
Citrusy D-limonene X X X     
Green – X X      
Vegetable –  X X     
Perfume –  X  X    
Rancid, sour, putrid, 
dead animal 
Yeasty – X  X     
Vinegar acetic acid  X X X X   
Sour milk heptanaldehyde X X X  X   
Rancid 
heptanal X X X     
butyric acid  X X X X   
proprionic acid  X X X    
Vomit heptanaldehyde    X    propionic acid     X   
Fatty, oily – X       
Sweaty – X       
Sour cheese – X       
Putrid pyridine X X X     
Decayed – X       
Dead animal putresine  X X X X   cadaverine  X X X X   
Stale beer –    X    
Sour trash –    X    
Rotten fruit –    X    
Ammonia, fishy 
Ammonia ammonia (repeat) X X X X X  X 
Cat urine – X       
Urine –  X X     
Fishy 
trimethylamine X X X X X  X 
dimethylamine   X X X  X 
trimethylamine   X    X 
2,4-decadienal X X      
2,4-heptadienal X X      
Fertilizer methylamine     X  X 
Medicinal, alcohol Medicinal Chlorophenol X       Alcohol 1-butanol X       
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Odor Note (Broad) Odor Note (Specific) Odorant 
Odor Source 
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Solventy, 
hydrocarbon, fuel, 
plastic 
Burnt, smoky – X       
Tarry – X       
Rubbery – X X X    X 
Solventy, plastic 
methylmecracylate X X X X X  X 
tolunene X X X     
m-xylene X X X     
ethylbenzene  X  X X X  
phenol    X X X X 
Glue styrene X  X X X   
Gasoline – X  X X X X  
Oil –    X X X  
Paint methylisobutylketone X   X X X X 
Mothballs naphthalene   X     p-dichlorobenzene X  X     
Shoe polish cumene X X X X X   
Chemical – X       
Wet cement –  X      
Medicinal cresol    X X X X 
Fecal, sewery 
Fecal indole X X X X    
Manure skatole X X X X    
Sewery valeric acid X X X     
Terpenes, pine, 
lemon, tobacco 
Pine 
α-pinene  X X X    
β-pinene  X X     
menthol  X      
Tobacco β-cyclocitral (repeat)  X X     
Eucalyptus eucalyptol   X     
Minty menthol (repeat)        
Lemon δ-limonene   X     
Sweet 
Sweet methyl ethyl ketone  X X X    
Sweet trash butylaldehyde  X X     
Sweet fruity acetaldehyde  X X X X  X 
 propionaldehyde    X X  X 
Nail polish acetone   X X X X  
Burnt, coffee 
Burnt rubber acrolein  X  X X  X 
Pepper –  X      
Grilled meat –  X      
Burnt –  X X     
Coffee grounds –  X      
Smokey 
guiaicol  X X X X X X 
pyran  X X     
furan   X     
Exhaust –  X  X X X  
Burnt plastic acrolein    X X X X 
Burnt brakes –    X X  X 
Tar, asphalt  –    X X X X 
Burnt wood –    X X   
Restaurant 
Chartroli     X    
Grease –    X    
Spicy –    X    
Coffee furfuryl thiopropionate    X    
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Source: The figures in Appendix A (Burlingame et al., 2004; Suffet et al., 2009; Rosenfeld and Suffet, 2003; Curren, 2012; 
Rosenfeld et al., 2007). 
 
The OPM intensity scale, described and critiqued in Section 2.3 (which is an expansion 
of the scale in APHA, 2012), is used for each odor note. This scale is anchored on three sugar 
solutions tasted by mouth with cross-modal sensory translation to smell. The 7-point OPM 
intensity scale is: threshold (1), slight (2), weak (4), medium (6), medium strong (8), strong (10), 
and very strong (12). 
Before an individual becomes a panelist, their sense of smell is verified. The OPM uses 
the University of Pennsylvania Smell Identification Test (UPSIT; Doty et al., 1984), which is the 
best-known test of smell that uses microencapsulated odorants (“scratch-n-sniff”). As such, it is 
highly portable and often used in field studies. It has been well-standardized against age, gender 
and correlates well with the results of quantitative odor-detection tests (Doty et al., 1989). A 
passing score is 70% of the 40 questions. Further guidance on the selection of panelists is 
provided by ASTM Method E1440 (1968). 
A minimum of four panelists is required by OPM. They may not have a cold, mustache, 
wear perfume, eat food or drink during the session. They are trained using the applicable odor 
wheel as well as the intensity scale (three sugar solutions). The panel is held in an air-
conditioned room with no scents or in the field at the location of the odor.  
 Panelists are trained to distinguish odor mixtures and the intensity of each odorant. 
Panelists are presented with mixtures of 2, 3, and 4 standard odorants and are asked to identify 
the odor characteristics and the intensity of each odorant. Panelists are then ready to analyze 
actual environmental odor samples. 
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 Before panelists are exposed to samples, a safety evaluation determines that the odorant 
concentrations are below safety thresholds (Schweitzer and Suffet, 1999). Samples are presented 
in bags (Tedlar, Teflon) and smelled by panelists, who then write down the odor notes and odor 
intensities. The leader then leads a discussion, and panelists may alter their decisions. Breaks are 
taken to avoid odor fatigue or health symptoms (e.g., headache, nausea). 
 The first challenge with OPM is that it usually requires confirmation by GC-sensory 
analysis to identify the odorant (Khiari et al., 1992; Suffet et al., 2004). The second challenge is 
that OPM usually operates outside the range of its calibration. The calibrated intensity scores 
(sugar solutions) are in the range 4 to 12, yet individual panelist scores – as well as the overall 
geometric mean – are usually in the 1 to 3 range. Such below-range extrapolations are not 
allowed in sound analytics. Data sets from analytical chemistry instruments have the same 
challenge and the temptation to extrapolate lower than the method detection limit. 
A concern is that there is no evidence that OPM is reproducible across panels (Muñoz et 
al., 2010). The group discussion may lead to the dominant person biasing others despite 
instructions to conduct independent evaluations (Amerine et al., 1965). Substantial training (plus 
re-training) is required. 
A similar approach to OPM is used in dentistry research for mouth odor (Greenman et al., 
2004, 2005). The scale is 0 (threshold) to 5 (saturation), and extrapolations to 0 are used to 
predict the ODTC50. This approach has led to good agreement with ODTC50 values from the 
literature. 
 Another odor-intensity measurement system is used more widely than OPM. ASTM 
Standard E544 (2010) uses various vials (or bags) with dilutions of n-butanol in water (or air) to 
assign n-butanol-equivalent concentrations to the intensity of a given sample. The upper limit of 
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this equivalency scale appears to be the saturation limit of n-butanol in water (or air) rather than 
a sensory upper limit. The intensity of the odor sample is expressed in mg/L (or ppm for air) of 
n-butanol, with a larger value of indicating a stronger odorant.  
 Whole-sample, undiluted total odor analysis is relatively straightforward. Determining 
the odor notes can lead to indications of the source and even a subset of the individual odorants. 
An odor-intensity rating of the overall mixture, however, is more controversial and less useful. 
Duration information can be added to a decision-making matrix, too. For example, a field panel 
made observations using OPM at three off-site and four on-site locations at a trash transfer 
station (Curren et al., 2016). 
 
Panelist threshold testing by dilutions 
 
 As an odor mixture is diluted, the odor notes and hedonic tones change and eventually, 
after sufficient dilution, the concentration of the final detectable odorant drops below its odor 
detection threshold so the diluted sample becomes “odorless” (CEN, 2003). The amount of 
dilution required to reach this point is considered an indicator of the odor intensity of the initial, 
undiluted sample, which is problematic because the final detectable odorant may not be 
indicative of the odorant that dominated the odor of the undiluted sample (nor the dominant 
odorant in the partially diluted sample at the fenceline). Relying on dilution quantities to indicate 
the intensity of the total odor is crude at best and misleading at worst. Further, presenting a 
dilution quantity as a measure related to the mass of odorants in the undiluted sample, when in 
reality it measures only the final detectable odorant, adds an unknown amount of uncertainty to 
such claims.  
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 For a single odorant in isolation, dilution-to-threshold tests are more straightforward. 
Although the odor note and hedonic tone of the odorant change as concentration changes, 
sometimes flipping from unpleasant to pleasant, the interactions with other odorants (masking, 
antagonism, synergism) are not factors. Complaints about single odorants are typically limited to 
the chemical and petroleum industries, however. Research on single odorants is used to tease 
apart the underpinnings of total odor in mixtures (Zhou et al., 2016a; Zhou, 2017).  
 Dilution of field samples can mimic the dilution that occurs from source to fenceline. 
Figure 3.5 includes the “unmasking” of musty odor note that was initially covered up by a more 
dominant fecal and sulfur odor notes at a WWTP (Zhou et al., 2016a; Zhou, 2017). On-site 
workers would experience the fecal and sulfur odors, while nearby residents complained of 
musty odors. 
  
 
Figure 3.5 “Unmasking” of musty odor notes as dilution increased at a WWTP (Zhou, 2017) 
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(with no musty odors reported) at the foul air from an Activated Sludge reactor, as was reported 
at most other locations studied at OCSD WWTP. As dilution was completed, the intensities of 
both the fecal and the sulfur odors decreased (peeling the onion of odors) with the fecal odors 
disappearing first. At the greater dilutions, musty odors appeared and the sulfur odors became 
undetectable. At the greatest dilution, only musty odors were detectable. This indicates that fecal 
and sulfur odors may dominate on-sit  (close to the source) while musty odors may be the odor 
nuisance off-site (at the fence line).  
This may be due to the low OTCs of musty odorants, MIB and IPMP. This shows that the 
musty odors are less detectable with the presence of other high odor intensities such as fecal and 
the S group of odors and these odors must be peeled away before the musty odor is detected. 
Also, that the musty odor of IPMP is more persistent than other odorants. The musty odors 
become noticeable when other odors disappear by dilution. 
 
 
Figure 6.4. OPM Results at the Activated Sludge Reactors at the OCSD WWTP 
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Field threshold testing by dilutions 
 
 Portable dilution instruments can be used by field investigators (or a field panel). In the 
United States, such instruments include the Nasal Ranger® (St. Croix Sensory, 2008) and 
Scentroid SM100 (Scentroid, 2019). Both mix the ambient air being sampled with odorless air at 
variable ratios. The ratio at which the odor disappears is defined as the dilution-to-threshold 
(D/T) ratio. This term tends to be reserved for field measurements, while OU tends be reserved 
for indoor panels. Both are dilution levels and not mass-based concentrations. 
 A mixture of odorants was tested using both devices (Walgreaeve et al., 2015). The Nasal 
Ranger®, which has settings from 2 to 60 dilutions, performed well between 3 and 30 dilutions. 
For the Scentroid SM100, which has set points from 3 to 101 dilutions, the settings were about 
half what the test actually showed, possibly due to odorant sorption to internal surfaces. 
 Field dilution devices avoid the need for sample collection, storage and transport. They 
may have sorption issues, however, and appear to be better suited for low odor concentrations. 
 
Field panels 
 
 Field odor measurements may also involve a panel, such as the use of OPM at an 
impacted school near a landfill site in California (Bian, 2019), a trash transfer station in 
California (Curren et al., 2016) and a landfill in France (Decottignies et al., 2009). For the 
landfill study (Decottignies et al., 2009), an abbreviated version of the grid and plume methods 
discussed next were applied on a single day (July 4, 2006) as well as OPM. The dominant odor 
notes were “rotten vegetable” and “rancid,” which had high or medium odor intensities. 
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According to the landfill odor wheel, the associated odorants were fatty acids (for “rancid”) and 
sulfur compounds (for “rotten vegetable”), which have very low odor thresholds. Confirmation 
of odorants by GC-MS-sensory was not performed. 
 In Europe, field panels are central to the grid and plume methods (CEN, 2016a,b). Figure 
3.6 includes general guidance for such a field panel, Figure 3.7 shows how the grid method is 
applied, and Figure 3.8 shows how the plume method is applied. Both methods require trained 
panelists to decide whether they recognize (not detect) an odor note selected from a list. The grid 
method is applied over a sufficiently long period of time (e.g., half a year or one year) to provide 
a representative map of the exposure of the population to recognizable odors. Field panelists 
write down their observations every 10 seconds for 10 minutes (60 observations). If 6 of those 
observations are a recognized odor note, then the label “odor hour” is applied (although not a full 
hour of odor exposure occurred).  
 The plume method is used to determine the area in which an odor plume can be perceived 
under specific meteorological conditions. The odor-plume boundary is where the odor no longer 
is detectable, and panelists mark yes/no on a map as they walk through and out of the plume.  
 Adding OPM to the grid or plume method provides an intensity scale and can indicate 
suspected odorants from odor wheels (Decottignies et al., 2009). 
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Figure 3.6 European guidance for field odor measurements (Guillot et al., 2012) 
 
      
Figure 3.7 Grid assessment squares with measured odor values (“odor hour” frequency as %) 
(Guillot et al., 2012) 
‘odour hour’ for more than one odour type, although this is
rare. The limit of six to determine the ‘odour hour’ classiﬁ-
cation is set by convention.
This provides a map of exposure to a recognisable
odour, expressed as odour hour frequency, for a
grid of assessment squares. A typical representation
Figure 3 | Position of the measurement points and of the assessment squares. Measurement round A consists of six measurement points: A1, A2, A3, A4, A5, A6; measurement round B
consists of six measurement points: B1, B2, B3, B4, B5, B6; measurement round C consists of seven measurement points: C1, C2, C3, C4, C5, C6, C7; measurement round D
consists of seven measurement points: D1, D2, D3, D4, D5, D6, D7.
Figure 2 | Organisation for ﬁeld experiments.
1694 J. M. Guillot et al. | Odour determination in ambient air Water Science & Technology | 66.8 | 2012
Downloaded from https://iwaponline.com/wst/article-pdf/66/8/1691/441879/1691.pdf
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Figure 3.8 Plume assessment starting at the source and moving away (may be done in reverse) 
(Guillot et al., 2012) 
 
4.3 Analytical Chemistry 
 
 To confirm and support the sensory analysis of environmental odor exposures, traditional 
analytical chemistry air monitoring methods are used. A substantial review of analytical and 
sensory methods for odor measurement was conducted previously (Muñoz et al., 2010). The 
methods that have advanced since then are the focus of this section (namely, advanced mass 
spectrometry and electronic noses). The other methods are covered briefly for completeness. The 
comparative advantages and disadvantages of these methods are discussed in Section 4.4. 
 Chemical analysis is most appropriate in cases where known single odorants are 
responsible for an odor, as opposed to diverse mixtures of odorants. The list of odorous 
compounds that may be measured is virtually endless. For example, over 400 odorants were 
detected from swine facilities (Schiffman et al., 2001). Although the level of each odorant was 
Stationary plume method
The principle of the stationary plume method is illustrated
in Figure 6 . A measurement cycle shall consist of at least
20 single measurements (four intersection lines each
consisting ﬁve single measurement points), from which at
least six transition points (absence to presence) can be
determined.
The maximum plume reach estimate shall be deter-
mined from observations obtained from two intersection
lines, one of which includes at least one odour presence
point observation, and another intersection line where
only odour absence point observations are recorded.
The distance between the intersection line without
odour presence point observations and the nearest intersec-
tion line with odour presence point observation(s) shall be
less than 20% of the maximum odour plume reach as deter-
mined from these observations.
At least four transition points (absence to presence), two
at either side of the plume, shall be recorded in total on the
intersection lines at distances along the plume direction
between 30 and 70% of the maximum odour plume reach.
Figure 6 | Schematic diagram of an example of stationary plume measurement.
Figure 7 | Schematic diagrams of an example of dynamic plume measurement (In this ﬁgure, the measurement is started from the source but can start going to the source).
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low, the overall mixture led to extremely strong odor intensities. In this case and others, sensory 
measurements lead to better estimates of odor intensity than analytical measurements. 
 Analytical measurements are only performed for risk assessment when method detection 
limits are sufficiently low to be below the hazard benchmarks of concern. To achieve such, the 
human nose is typically required for odor assessment. 
 Although the identification and quantification of specific odorants does not directly 
indicate the potential odor nuisance, the information is useful for identifying and tracking odor 
sources (Muñoz et al., 2010). Further, it can help indicate the reactions leading to odorant 
formation, especially microbial reactions at WWTPs, landfills and composting sites. 
 
Gas chromatography and mass spectrometry 
 
 Gas chromatography, which separates and quantifies odorants, is useful for complex 
mixtures of chemicals at trace levels, especially on-site where concentrations are higher. Recent 
advances include two-dimensional (2D) and multidimensional gas chromatography (MDGC), 
which decrease the analytical problems associated with peak overlap. Both aid in odorant 
identification. Although detection reaches ppb levels (and sometimes ppt levels), trace odorants 
still go undetected, as do odorants that are unstable during sample collection and transport (such 
as sulfur compounds). 
 Identification of unknown peaks from gas chromatography is typically by mass 
spectrometry and its libraries of thousands of known compounds. However, even knowing the 
identity of an odorant does not tell how it contributes to the overall odor of a mixture. Such 
instruments are expensive, as is there operation and maintenance. 
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 A new, albeit even more expensive, instrument has been used for odor investigations 
called “selected ion flow tube mass spectrometry” (SIFT-MS) (Van Huffel et al., 2012; Fathi, 
2014; Langford et al., 2018). It is transportable and can detect and quantify the concentrations of 
20 to 50 odorants real-time, even if the levels are changing rapidly. The SIFT-MS instrument 
directly measures components of the air (without gas chromatography) by first using chemical 
ionizing agents on the sample followed by mass spectrometry (Hera et al., 2017). The chemical 
ionizing agents include cations (H3O+, NO+ and O2+) and anions (O−, OH−, O2−, NO2− and NO3−). 
The ions are generated at the inlet by a microwave-powered ion source of moist air. The analyte 
concentration is found from the ratio of the product ion counts to the reagent ion counts, the flow 
rate, and instrument calibration. Low-ppb detection has been achieved. 
 
Hybrid analytical and sensory methods 
 
 Gas chromatography with a sensory port (GC-sensory), often performed in tandem with 
mass spectrometry (GC-MS-sensory), is a hybrid technique that brings together the separation of 
odorants and the sensitivity of the human nose. The sensory port allows the analyst to smell the 
eluting compounds at the same time the instrument detector makes a reading. When successful, it 
can indicate which odorants contribute to the total odor. Recent advances in GC-sensory methods 
include improved GC-port interfaces, increasing the number of simultaneous panelists (up to 8), 
bi-dimensional GC techniques and sophisticated data processing (Brattoli et al., 2013). Disease 
detection is an emerging use of GC-sensory. 
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 Despite best efforts, some compounds remain unidentified, even by MS (Muñoz et al., 
2010). GC-sensory has further limitations, including:  
• Limited ability of the technician’s individual sense of smell and bias from the previous 
odor smelled 
• Slow, taking more than a day per sample analysis 
• The most unpleasant odors often remain unidentified 
• Some odors may be from overlapping peaks of two or more odorants 
In the food industry, GC-sensory only identifies around 50% of the odorants (Sensenet, 2018). 
The inability to predict synergistic or antagonistic interactions among odorants limits the results 
obtained from GC-sensory analysis (Ryan et al., 2008). 
 At a WWTP, GC-MS-sensory was used to identify specific odorants (Zhou et al., 2016a; 
Zhou, 2017). For the fecal odor, this technique identified skatole and indole as the primary 
odorants. The musty odors were identified as 2-methylisoborneol and 2-isopropyl-3-
methoxypyrazine. These identifications, however, were not considered the sole contributors to 
the total odor, just a subset. 
 
Gas-specific sensors 
 
 Gas-specific sensors can target key odorants but not the total odor. They are often 
portable, relatively inexpensive, and continuously log data. The most common gas-specific 
sensors are for hydrogen sulfide and ammonia. Detection is through chemical, electrochemical, 
catalytic or optical signals. Some can reach ppb levels. Hydrogen sulfide, however, does not 
account for the entire odor nuisance. At WWTPs, hydrogen sulfide levels can be well controlled 
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and monitored continuously, yet nuisance odor complaints persist (Zhou et al., 2016a; Vitko, 
2018). 
 Benzene, a carcinogen, is a problem emitted from oil refineries and gasoline stations, as 
well as from the semiconductor industry. Advanced sensors using metal-oxide detectors have 
been developed that can work in various levels of humidity and interferants (Leidinger et al., 
2017). 
 
Non-specific gas sensor arrays (electronic noses) 
 
 Improved sensor technologies and advanced computational techniques have merged to 
produce non-specific gas-sensor arrays that try to mimic the human sense of smell. Often called 
an “electronic nose” or “e-nose,” a bank of up to 30 sensors generates a complex electronic 
signal that is processed through computer algorithms. The result is a reading – but not a true 
“fingerprint” (Boeker, 2014) – for a known odor that then can be compared to signals from 
future samples to see if they match. When properly calibrated, e-noses should continuously 
detect the presence of odors in ambient air, estimate concentrations of odors, and attribute the 
odor to a specific odor source (Dentoni et al., 2012). 
 The sensors are typically a variety of metal oxides, conducting polymers and oscillating 
quartz crystals; however, new sensor materials are under development continually. As with all 
sensors, they are subject to the effects of temperature and humidity, degradation, poisoning and 
the need for frequent re-calibration to address drift.  
 It is difficult to find e-noses used outside of research laboratories (Boeker, 2014), which 
confirmed the observation by Muñoz et al. (2010) that their initial promotion had been overly 
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optimistic. Nonetheless, e-noses developed within laboratories, plus accompanying field tests, 
have led to numerous publications and several recent reviews of the emerging field. 
 Under controlled situations, e-noses have monitored odors. Australian researchers 
observed that the e-nose for chicken odor worked in-shed yet was unreliable beyond the shed 
(Atzeni et al., 2016). Today’s e-noses function well for the context for which they are designed 
(e.g., workplace safety, indoor air quality) but do not yet cover broad environmental odor 
monitoring (Schütze et al., 2017). 
 A workgroup in Europe was launched in 2015 to develop a standard for e-noses (Guillot, 
2016). One area under development is stack monitoring, where the conditions are more 
predictable than ambient monitoring yet harsh on the equipment. Producing minimum 
performance standards and other essential criteria will help guide the field. 
 Unlocking the molecular features that trigger our sense of smell may someday lead to 
improved e-noses. Keller et al. (2017) supplied chemoinformatic data (molecular geometry, atom 
types, functional groups, etc.) and sensory data on 407 molecules to teams so they could develop 
predictive algorithms. The algorithms were tested on 69 molecules, and the results were 
favorable for 8 odor notes (“garlic,” “fish,” “sweet,” “fruit,” “burnt,” “spices,” “flower,” and 
“sour”) out of 19 total. With successful reverse-engineering of the smell of a molecule and then 
combining that with appropriate sensors, a true e-nose that fully mimics the human nose may be 
achieved some day. 
 Other technologies have adopted the “e-nose” name, such as portable, fast gas 
chromatographs or mass spectrometers (Boeker, 2014). Even “electronic mucosa” is under 
development. In the nasal cavity, natural mucosa acts like the stationary phase of a gas 
chromatography column to differentially apportion odorants. “Electronic mucosa” consists of 
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multiple sensor arrays, each separated by gas-chromatograph-like micro columns. The rich data 
set obtained could predict the presence of odorants at low concentrations (Deshmukh et al., 
2015). 
 
4.4 Best Practices  
 
 To identify best practices for environmental odor exposure assessment, the key 
commentary presented in recent reviews is summarized in Table 3.5. 
 
Table 3.5 Summary of the commentary on odor investigation methods 
Method Review Article Observations  (+) = strength, (–) = weakness 
Community Engagement 
Odor diaries (+) uncovers overlooked information 
(+) strong correlation with analytical results 
(+) inexpensive 
(–) spotty information 
(–) need to be in tandem with analytical measurements 
Surveys (+) captures psychosocial aspects 
(–) need careful design 
(–) need to be in tandem with analytical measurements 
(–) time and labor intensive 
Sensory Methods 
Odor profiling (+) covers odor characteristics 
(–) time and labor intensive 
(–) often deviate from protocols 
(–) large differences between panels 
Panel threshold (+) sensory-based 
(–) poor correlation with analytical results 
(–) likely underestimates odor impact 
(–) excludes highly sensitive panelists 
(–) often deviate from protocols 
triangle, forced-choice: 
(+) statistically strong 
(–) lengthy, fewer samples 
(–) panelist fatigue 
binary, forced-choice: 
(+) faster, similar results to triangle 
triangle, bag (Asia): 
(–) dilutions time-consuming 
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Method Review Article Observations  (+) = strength, (–) = weakness 
Field threshold (+) pragmatic 
(+) affordable 
(+) avoids sampling issues 
(–) momentary 
(–) inconsistent 
(–) extensive training required 
(–) odor carryover, breakthrough 
Field profiling (+) direct sensory information 
(+) avoids sampling issues 
(–) time consuming 
(–) extensive training required 
Analytical Methods 
GC-MS (+) precise for single odorants 
(+) identify overlapping sources 
(–) not sensitive enough 
(–) misses human sense 
(–) only a subset of odorants 
(–) tricky sample collection 
(–) expensive, time-consuming 
GC-Sensory (+) may indicate key odorants 
(+) matches human nose 
(–) misses synergism, antagonism, masking 
(–) tricky sample collection 
(–) expensive, time consuming 
E-nose (–) not sensitive enough 
(–) only a subset of odorants 
Compiled from Muñoz et al. (2010), Lebrero et al. (2011), Capelli et al. (2013), Bokowa and Bokowa (2014), Laor 
et al. (2014), Hayes et al. (2014) and CASA (2015). 
 
 No single approach can successfully address nuisance odor complaints (Muñoz et al., 
2010). Human panels provide some of the strongest information yet, due to the variable 
perception of odors, yield inconsistent results. Chemical analysis provides confirmation of 
exposure to specific odorants yet may miss the key odorants. Instead of a single method, the right 
mix of sensory and analytical methods needs to be used (Muñoz et al., 2010; Hayes et al., 2014). 
The Odor Profile Method followed by GC-sensory conformation provides one of the strongest 
tools today. 
 The use of standard odorants to calibrate panelists has been advocated since the 1970s 
(National Research Council, 1979). The use of n-butanol, however, has not led to transferability 
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of results to non-butanol odors according to a review of 412 odor measurements (Klarenbeek et 
al., 2014). In Denmark, both n-butanol and hydrogen sulfide are used to calibrate panelists, and 
the Japanese method uses five odorants in its panelist aptitude test (Brancher et al., 2017). The 
use of multiple odorant standards may have advantages. 
 Observations from related fields provide insights for environmental odor exposure 
assessment. Setting odor source minimum-distance setbacks and emission rates did not take into 
account the level of nuisance (odor note, odor hedonic tone, odor intensity), so complaints 
continued (Lebrero et al., 2011). For the drinking water industry, analytical measurements and 
dilution-to-threshold limits did not resolve underlying taste-and-odor problems and correlated 
poorly with customer complaints (Suffet et al., 2013). 
 
Screening-level assessments  
 
 To save resources, risk assessment uses a screening-level assessment before a refined risk 
assessment is performed. The same approach works for odor exposure assessment and is 
practiced widely already. 
 Two air inspectors, ideally, respond to a nuisance odor complaint so they can corroborate 
the complainant’s and each others’ sense. If corroboration occurs, the source of the odor is 
usually identified by the complainant or the air inspectors’ prior knowledge of the area. Standard 
practice is to move upwind of the identified source to confirm that the odor is not coming from 
elsewhere. Recording wind direction, details of the complaint and any action taken document the 
investigation. 
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 Training air quality inspectors on how to better identify describe odors (odor note, odor 
hedonic tone, odor intensity) might assist their work. For example, using an odor wheel and 
maintaining a log of complaints could identify trends. For many air districts, however, the ability 
to sense “something” in the air at the complainant’s location is sufficient. The odor intensity only 
need be noted as “faint” or “strong” to help prioritize the nuisance. Matching the complainant’s 
vocabulary of odor is unnecessary. It is necessary for the air inspector’s sense of smell to be 
verified periodically. An anosmic air inspector, obviously, would be unfit for odor patrols. 
 For difficult-to-discern odors, returning to the location several times may be required. 
Involving a panel of air inspectors should help detect odors that are especially low. The increased 
cost of a panel, and its training, would need to be taken into account. 
 
Refined assessments 
 
 When a screening-level assessment fails to address an odor nuisance, more refined 
exposure assessment is necessary. Complexities such as overlapping odors, unknown sources 
and resistance on the part of the potential source to acknowledge responsibility can also require 
refined assessments. 
 Refined assessments require more sophisticated documenting of the odor. The field 
assessments for plumes (CEN, 2016b) is a logical starting point. More subtle, ongoing odors 
require the grid approach (CEN, 2016a). The various odor wheels included in Appendix A, in 
addition to the list used in Europe, help form a standard odor lexicon. Meteorological data 
factors into both of these odor-documentation techniques. 
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 If enough information on individual odorants within the environmental odor is available, 
such as through prior sampling of similar sources, then sampling of the odorous air may provide 
insights. Residential sampling using evacuated canisters has been successful, as long as container 
purges are performed and blanks are run in parallel. Trace analysis requires such. 
 If air sampling bags are used, quality control samples (blanks, spiked blanks, and spiked 
field samples) must be included. Bag materials have been shown to adsorb certain odorants, 
allow them to escape, or sometimes contribute compounds to the odorant load. Figure 3.9 shows 
results for various bag materials spiked with ethylene (Schuetzle et. al, 1975). Greater adsorption 
has also been observed for certain odorants in Tedlar™ bags as compared to Teflon™ bags 
(Figure 3.10; Zhou et al., 2016b). 
  
 
Figure 3.9 Stability of ethylbenzene in different bag materials (Schuetzle et. al, 1975) 
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Figure 4.3. Stability of ethylbenzene in different bag baterials (after Schuetzle et al, 1975) 
Adsorption losses are known to occur in tedlar bags, particularly for the more volatile 
polar organics (McGarvey and Shorten, 2000, Pau et al, 1991). Because the most polar 
compounds tend to be the most odorous compounds, this has serious implications for 
preservation of odour samples (Schuetzle et al, 1975). For this reason, it is usually advised 
that samples are measured as soon as possible after collection, usually within 24 hours 
(McGarvey and Shorten, 2000, Sulyok et al, 2001).  It would also appear advantageous to 
use larger volume bags where possible, as this reduces the surface-area/volume ratio (Andino 
and Butler, 1991). 
Care should also be taken to prevent contamination and adsorption in sampling lines and 
fittings. Provision should be made for lean sample lines to be used for each sample (Jiang 
and Kaye, 2001). Materials such as teflon, stainless steel, glass etc. are often recommended, 
for sample lines and fittings. Teflon is perhaps the best choice, as indicated by studies on 
tedlar bag fittings studies by Wang et al. (1996) who found significant VOC losses to occur 
where stainless steel fittings were used. The losses were greatly reduced where teflon fittings 
were used.  
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Figure 3.10 The loss of indole (above) and skatole (below) in Tedlar™ bags (left) and Teflon™ 
bags (right) over 30 hours (Zhou et al., 2016b) 
 
 The insufficient sensitivity of single-gas sensors makes them impractical for ambient 
odor monitoring, with the exception of ammonia. Due to ammonia’s high ODTC50, affordable 
sensors are available that can detect below the threshold. Data logging over time is a useful 
feature, especially for intermittent odors. 
 Further case studies demonstrating how OPM panels aid nuisance odor investigations 
was suggested (Muñoz et al., 2010). At that time, only Burlingame had shown the usefulness to 
and 8). These results are similar to those of Boeker et al. (2014) and Hansen et al. (2011). Only 
8.5% of indole and 9.8% of skatole remained after 15 mins. The indole concentration became 
relatively stable after the initial loss (decreasing from 8.5% to 6.9% after 30 hours). The skatole 
continued to decrease in concentration after the initial loss (from 9.8% to 2.8% after 30 hours). 
Such rapid loss could be due to quick adsorption by the bag material or reactions between skatole 
or indole and H2S, ammonia and/or water vapor.  
 
 
Figure 7. The Losses of Indole in TedlarTM Bags During 30 Hours  
 
 
Figure 8. The Losses of Skatole in TedlarTM Bags During 30 Hours 
 
3.3 Losses of Odorants in TeflonTM Bags 
Figures 9 to 13 show the percentage remaining of each odorant during 30 hours in Teflon FEP 
bags. Each point is the average of 3 tests and the standard deviations of the 3 tests are showed as 
error bars. Figure 9 shows less than 15% loss of H2S at 15 minutes, which remained constant 
through the 30-hour duration. The recovery of hydrogen sulfide after 24 hours was 72.2% 
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Figure 10.  Losses of IPMP in the TeflonTM Bags During 30 Hours 
 
Figure 11. The Losses of MIB in the TeflonTM Bags During 30 Hours 
 
 
 
 
Figure 12. Losses of Indole in TeflonTM Bags During 30 Hours 
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and 8). These results are similar to those of Boeker et al. (2014) and Hansen et al. (2011). Only 
8.5% of indole and 9.8% of skatole remained after 15 mins. The indole concentration became 
relatively stable after the initial loss (decreasing from 8.5% to 6.9% after 30 hours). The skatole 
continued to decrease in concentration after the initial loss (from 9.8% to 2.8% after 30 hours). 
Such rapid loss could be due to quick dsorpti n by the bag material or reactions between skatole 
or indole and H2S, ammonia and/or water vapor.  
 
 
 
Figure 7. The Losses of Indole in TedlarTM Bags During 30 Hours  
 
 
Figure 8. The Losses of Skatole in TedlarTM Bags During 30 Hours 
 
3.3 Losses of Odorants in TeflonTM Bags 
Figures 9 to 13 show the percentage remaining of each odorant during 30 hours in Teflon FEP 
bags. Each point is the average of 3 tests and the standard deviations of the 3 tests are showed as 
error bars. Figure 9 shows less than 15% loss of H2S at 15 minutes, which remained constant 
through the 30-hour duration. The recovery of hydrogen sulfide after 24 hours was 72.2% 
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Figure 13. The Losses of Skatole in the TeflonTM Bags During 30 Hours 
 
4. Discussion 
  The loss of odorant in Tedlar bags would corrupt the results of olfactometry, the OPM, and 
ch mical analysis. The olfactometry test (D/T) was usually conducted after 24 hours when the 
sampl s were collected (St. Croix Sensory, Lakewood, MN). At that time, there were losses of 
over 95% of skatole, 93% of indole and 35% of H2S. The D/T number will not present the actual 
total odor at the odor source. It would give a lower value of total odor by Olfactometry than 
reality.  
   
  Meanwhile, even though OPM test was conducted within 6 hours after sample collection, there 
were still over 95% loss of skatole within minutes in the Tedlar bags. It would lower the 
intensities of fecal odors reported and underestimate the importance of fecal odors at wastewater 
treatment plants (WWTPs). While fecal odors have been identified as the major from WWTPs 
(Zhou et al., 2016), the severity of fecal odors may be worse due to the losses of fecal odorants.  
 
The chemical analysis for air samples from OCSD were finished within 6 hours. But the 
results of chemical analysis were compromised by using Tedlar Bags due the large losses of 
indole and skatole. It would give a lower concentration of indole and skatole than the real values. 
The large loss may even make these chemicals undetectable. Godayol et al. (2013) developed the 
SPME method to detect indole and skatole in air samples from WWTPs. However, indole and 
skatole were not detected in air samples from the influent, biologic treatment and sludge 
pretreatment areas of the WWTPs. It may be due to the adsorption of indole and skatole to the 
sampling bags. 
 
   Thus, a suitable sampling bag, which can preserve the concentrations of all chemicals in the air 
sample from the time of sampling until the time of the measurement, is very significant to collect 
samples for methods of olfactometry, the odor profile method, chemical analysis. 
  
 
Conclusions 
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identify specific odor sources at a WWTP (1999) and fenceline (2009). Subsequent use of OPM 
now includes: 
• Single-day evaluation of landfill odors (Decottignies et al., 2009) 
• Classification of dried sludge odors (Decottignies et al., 2010) 
• Treatment of odors by a seashell biofilter at a WWTP (Abraham et al., 2015) 
• Evaluation of an odor problem at a trash transfer station (Curren et al., 2016) 
• Identification of musty and masking odors at a WWTP (Zhou et al., 2016a, 2018)  
• Odor patrol at a school near a landfill (Bian, 2019) 
Used in conjunction with analytical analysis of target odorants, especially by GC-MS-sensory 
techniques, OPM is a very useful tool to identify primary odorants and link them to their source. 
Use of the OPM intensity results to derive ODTC50 and other low-intensity values, however, is 
suspect. 
 A complete risk assessment acknowledges uncertainties and their effect on the results. A 
good odor assessment should do the same. Odor perception can be affected by many variables 
that are often uncontrolled, such as temperature, relative humidity, and even illness among 
panelists. From human factors to bag materials, all uncertainties and variability need to be 
acknowledged and, ideally, submitted to a sensitivity analysis to see how they affect the final 
results. 
 
4.5 Research Needs 
  
 Currently there is no international standard on how to respond to nuisance odor 
complaints, not even straightforward screening-level steps. International organizations such as 
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Organization for Economic Cooperation and Development (OECD) and World Health 
Organization (WHO) focus more on health effects that nuisance complaints. Even fundamental 
sampling and analysis techniques have no agreed upon standard for environmental odors in 
ambient air. National and regional agencies have filled these gaps spottily. Once standards have 
been developed, they become entrenched and resistant to new, improved techniques. There is a 
clear need to develop standard methods for environmental odor monitoring in ambient air, 
combining both sensory and analytical methods. WHO recommends that future focus on 
perception of the actual odor rather than measuring individual odorants (WHO, 2000).  
 Population dose-response measurements based on field studies are needed to build a 
fundamental knowledge base. Measures of “population annoyance” need to be developed, which 
Germany, the Netherlands and New Zealand are working toward (Frenchen, 2001; New Zealand 
Ministry of Environment, 2002). 
Quality standards, such as field blanks and spiked samples, are routine in air quality 
sampling and must be implemented in odor studies. Otherwise sample degradation, odorant loss 
or the introduction of unintended trace odorants is unknown. A compendium of sampling 
materials and their performance for specific odorants is needed. 
 Basic research on odors will help advance the predictive power of analytical 
measurements. Investigating and eventually being able to predict the synergistic, antagonistic, or 
masking interactions among odorants is especially important. Temperature and humidity effects 
are also a challenge requiring more research. The expansion of GC-sensory techniques and 
increased sensitivity, including greater use of SIFT-MS, will likely bridge the gap between 
sensory and analytical detection that exists today. 
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 Due to the complex physiological and psychological factors involved in human olfaction, 
the prediction of odor impact by e-noses will probably remain allusive. Nonetheless, closer 
approximation of human olfaction by sophisticated sensor arrays may reduce the reliance on 
human panels and offer continuous monitoring in the future. Machine learning is already being 
used to decipher human olfactory responses through the study of pattern-based odor detection 
and recognition, olfactory phenotypes, disease biomarkers, physicochemical properties that 
predict olfaction, and public database mining (Keller et al., 2017; Lötsch et al., 2019). 
 
5. Conclusions 
 
 The current approach to environmental odor exposure is to consider the complaint in-and-
of itself as the initial concern. Development of odor evaluations tools such as the OPM, which 
uses odor wheels and panel evaluation of odor note and odor intensity, may be used in concert 
with quantitative analytical methods so odor can be objectively legislated (by establishing of 
maximum tolerable odor or emissions) and monitored (to minimize the nuisance in the vicinity 
of the source). A range of instrument and sensory techniques are available, from sensors to 
questionnaires, yet no standard approach is followed. The best advice from various reviews is 
that a mix of techniques is required to address nuisance odor complaints (Muñoz et al., 2010; 
Brancher et al., 2017; Laor et al., 2014; Lebrero et al., 2011). 
 Currently, two diverging paths are followed. One path leads toward greater population-
based metrics of odor, such as odor diaries and visiting grid points multiple times a year to assess 
an odor. Using a panel to evaluate the extent of a plume falls into this category as well. Although 
the number of studies using OPM grew over the past decade, a larger set would add maturity to 
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the method and greater acceptance. The proven track record in drinking water assessment is 
promising. The qualitative odor-note evaluation and an expanded list of suspect odorants holds 
great potential.  
 The other trend is toward increasingly sophisticated analytical techniques. The expansion 
of GC-sensory techniques and increased sensitivity, including greater use of SIFT-MS, will 
likely bridge the gap that exists today between sensory and analytical detection. Mimicking the 
human sense of smell (electronic nose) remains an aspiration. Although not field-worthy for 
stack or ambient sampling at this time, the advances in machine learning and biomimicry could 
make such sensor systems a reality in the future.  
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CHAPTER 4: Human Health Risk Assessment of Environmental Odors 
 
Abstract 
 
 The public worries that odors indicate “unhealthy” air. The approach and framework of 
human health risk assessment, developed over decades and used internationally, can be applied 
to both the sensory and non-sensory aspects of environmental odors to gain perspective on 
adverse health effects. The four steps in risk assessment are hazard identification, dose-response 
assessment, exposure assessment and risk characterization. Indicating the level of uncertainty in 
these results is integral to the final step. Assessing odors, however, adds a substantial layer of 
complexity to traditional human health risk assessment. Two sensory responses to odors 
(irritation and smell) are entwined. Because odor is rooted in perception, psychological factors 
are influential, as is the inherent variability in the sense of smell from one person to the next. 
Objective measures of health symptoms due to odor exposures – such as irritation (e.g., 
respiratory airflow changes, eye blink rate), stress hormones and brain activity imaging – need to 
be developed and applied. Experimental studies on symptoms caused by environmental odors, 
beyond the single study found in the literature (Schiffman et al., 2005), are needed. Nonetheless, 
several case studies demonstrate that odor thresholds and health thresholds can be applied to 
components of odors (odorants) to estimate sensory and health effects. Such comparisons are the 
standard practice for risk characterization. Because both odor and health thresholds often span an 
order of magnitude or more, this portion of the risk characterization needs curated values. When 
odor-related symptoms persist despite favorable initial screening-level assessments, more refined 
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and expansive assessments are required. Epidemiology studies of environmental odors would 
benefit from “before and after” study design. 
 
1. Objective 
 
The objective of this paper is to conduct a human health risk assessment of environmental 
odors to better address the concern that malodorous air is “unhealthy.” This requires gathering 
the latest information on the health risks, both sensory and non-sensory, associated with 
exposures to odors and evaluating such information within the risk assessment framework (i.e., 
hazard identification, dose-response assessment, exposure assessment and risk characterization). 
The audience for this paper is air inspectors, regulatory agencies, environmental professionals 
and researchers. Gaps in the information gathered will be identified, and suggestions on how to 
fill them will be provided. 
 
2. Introduction 
 
2.1 Background 
 
 Odors can adversely affect a person’s health physically (e.g., nausea), psychologically 
(e.g., stress) and socially (e.g., embarrassment). Often there is not a clear separation between 
these three categories, as stress can lead to physical ailments and physical ailments can lead to 
social isolation. The public fears that odors indicate “unhealthy” air and hopes that their absence 
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indicates “healthy” air. Carbon monoxide, odorless yet deadly, disproves this belief system, but 
our evolution taught us to avoid malodorous foods and environments.  
 The World Health Organization (WHO) defines health as “a state of complete physical, 
mental and social well-being and not merely the absence of disease or infirmity” (WHO, 1946). 
Within this broad definition fall both the sensory (including well-being) and the non-sensory 
(disease) adverse effects of odors. 
 To evaluate environmental odors, two approaches have been followed. The first approach 
is to trace the nuisance odor back to its source and take remedial action (Clean Air Strategic 
Alliance, 2015; Van Harreveld, 2001). The second approach is to apply the four steps of risk 
assessment to evaluate sensory and non-sensory risks posed by environmental odors. This second 
approach is followed in this paper.   
 
2.2 Risk Assessment Framework and History 
 
 Risk assessment has its roots in the 1970s and in the 1980s began to bring order to an 
unmanageable amount of data on toxic chemicals and radiation in the hope to help regulators 
make better decisions (Paustenbach, 2002a). Through the 1990s, the field matured, especially 
under pesticide and Superfund site-remediation programs. Since 1983, the National Research 
Council has updated risk assessment guidance regarding the science, decision-making, and 
communication of risk (NRC, 1983, 2007, 2009, 2012, 2017), and the field continues to evolve. 
Risk assessment has broad acceptance in the United States and other countries, including 
Canada, Australia and Europe. 
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 At its core, risk assessment puts into perspective the terms “toxic,” “hazard,” and “risk.”  
All chemicals are toxic at a sufficiently high dose. The particular observed effect is known as the 
hazard, and risk is the probability that the adverse effect will occur in a person or group exposed 
to a certain amount of the chemical. In other words, the risk depends on both the potency of the 
agent and the level of exposure. To organize these concepts, a framework was established with 
four steps, as shown in Figure 4.1 (NRC, 1983). The four steps are: 
• Hazard assessment (what adverse effects are caused by the agent) 
• Dose-response assessment (how does the incidence of adverse effects vary with dose) 
• Exposure assessment (the level of current and anticipated contact with the agent) 
• Risk characterization (integration of the hazard and exposure information to estimate the 
probability of an adverse effect) 
Analysis of the uncertainties, including natural variability in responses, is integral to this last step 
of risk assessment. 
 This paper follows these four steps, primarily focusing on hazard assessment, dose-
response assessment and risk characterization. Exposure assessment of odors was covered in a 
prior paper. 
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RESEARCH  RISK ASSESSMENT  RISK MANAGEMENT 
       
Laboratory and field 
observations of 
adverse health effects 
and exposures to 
particular agents 
→ 
Hazard Identification 
 
Does the agent cause the 
adverse effect? 
   Development of regulatory options 
  ↓    ↓ 
Information on 
extrapolation methods 
for high-to-low dose 
and animal-to-human 
→ 
Dose-Response Assessment 
 
What is the relationship 
between dose and incidence 
in humans? 
→ 
Risk Characterization 
 
What is the estimated 
incidence of the adverse 
effect in a given 
population? 
 
Evaluation of public health, 
economic, social, political 
consequences of regulatory 
options 
     ↓ 
Field measurements, 
estimated exposures, 
characterization of 
populations and 
behaviors 
→ 
Exposure Assessment 
 
What exposures are 
currently experienced or 
anticipated under different 
conditions? 
→  Agency decisions, actions and communication 
       
  
Uncertainty 
 
What is unknown or highly variable? 
  
 
Figure 4.1 Elements of the risk assessment and ancillary processes (National Research Council, 
1983; Paustenbach, 2002a) 
 
 A bit of confusion has occurred with the term “risk assessment.” Too often it is misused 
to mean just the estimation of the low-dose response following exposure to a carcinogenic 
chemical. That is the dose-response assessment, just one component of risk assessment. The term 
“risk assessment” is often confused with “risk management” as well. Risk assessment provides 
useful input to risk management but does not supplant it. Risk management involves policy, 
values and communication steps that go well beyond risk assessment (Figure 4.1). 
 As practiced, risk assessments vary widely in scope and purpose. Some assess a single 
chemical across a range of exposure scenarios while others are site-specific and assess the 
variety of chemicals found at that particular site. In general, risk assessment is used to evaluate 
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involuntary exposures. Voluntary risks are generally accepted by the public and receive less 
scrutiny (Starr, 1985; Crouch and Wilson, 1982; Travis et al., 1987; Tengs et al., 1995). 
 
3. Materials and Methods 
 
Risk assessment is central to this paper and will be applied through case studies rather 
than an assessment of a specific odor at a specific location using previously unpublished field 
data. Information on the health risks posed by odors, such as the case studies, was gathered 
through a literature search. 
As a starting point, a previous risk assessment of odorants (Rosenfeld et al., 2007) was 
augmented by a substantial review of the human health effects of odors by Alberta Health in 
Alberta, Canada (Government of Alberta, 2017). The 216-page review by Alberta Health 
included literature through July 2013. The present literature search was for documents published 
after this date, and the key findings of Alberta Health (Government of Alberta, 2017) will be 
noted. 
The starting point for risk assessment methodology was the foundational work by the 
National Research Council (1983), now updated for the 21st century (2007, 2009, 2012). The 
programs that grew out of the original work have issued their own guidance, which was also 
consulted. Such programs include pesticides (USEPA, 2012), site remediation (USEPA, 2019), 
exposure factors (USEPA, 2011) and California-specific work (DTSC, 2015). International 
efforts, such as the review of the chemicals in commerce in the European Union (ECHA, 2019), 
were also consulted. The 1,556-page tome edited by Dennis Paustenbach (2002a) titled “Human 
and Ecological Risk Assessment: Theory and Practice” was an additional starting point.  
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The literature searches were conducted online and at the UCLA and CARB physical 
libraries. The focus was post-2013, and when relevant articles or books were found the “cited 
by” function was used to find even more up-to-date information. Reviews of the health risks 
from odors were especially sought. Government and health agency websites were searched as 
well.  
 
4. Results and Discussion 
 
Alberta Health (an agency within the Government of Alberta, Canada) critically 
evaluated over 500 peer-reviewed epidemiology and experimental studies on the impacts of 
odors on human health (Government of Alberta, 2017). The review not only examined the 
mechanisms by which odors induce a health response, but also identified effective risk-based 
approaches for regulating health impacts from exposures. The main outcomes of interest in the 
review were health symptoms, physiological responses, annoyance, mood and psychological 
health, quality of life, cognition (task performance), athletic performance, and brain activity. 
Alberta Health (Government of Alberta, 2017) chose not to review animal studies, occupational 
exposures, hypersensitivity, commercial uses of aromas or potential systemic organ toxicity from 
odorant exposure. Of these gaps, occupational exposures are addressed in this paper due to their 
sentinel value for lower exposed residential populations. Non-sensory endpoints (systemic organ 
toxicity) are addressed as well. Such information was found in other reviews (Schiffman and 
Williams, 2005; Sucker et al., 2009; Greenberg et al., 2013) and the post-2013 literature search. 
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4.1 How Olfaction Works 
 
 To understand the adverse effects from exposure to odors, the human sense of smell is 
introduced. Humans have around 5 million olfactory receptor neurons, and they are directly 
connected to the most ancient, primitive part of the brain. By comparison, dogs have around 220 
million olfactory receptor neurons and rabbits have around 100 million. It takes around 1 second 
to respond to an odor. 
 Olfaction relies on two neural systems and two routes of entry to the nasal cavity. Air 
enters either through the nostrils (orthonasally) or the mouth (retronasally). Volatile chemicals in 
the air (odorants) bind to olfactory neuron receptors (sense of smell) and to trigeminal neuron 
receptors (sense of temperature, pressure, pain and irritation). The combination of olfactory and 
trigeminal neuron receptors explains why menthol produces a minty smell as well as a tingling in 
the nose (Nagata et al., 2005). The human nose contains roughly 400 different types of receptor 
neurons, each sensitive to specific types of odorants (Malnic et al., 1999). The neural receptors 
signal the brain, which then associates the perceived odor with past experiences once the signal 
becomes strong enough. 
 Environmental odors are typically a complex mixture of multiple odorants. The 
processing of odor mixtures involves activation of more brain regions compared to single 
odorants (Boyle et al., 2009). Odorants can bind to one or more receptors, and receptors can bind 
to one or more odorants. Only a few odorants, however, are discerned within a mixture 
(Livermore and Laing, 1998). Some odorants dominate while others are masked, and factors 
such as concentration, temperature and humidity all play roles. 
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 Human olfactory mucosa occupies 3% (2.5 cm2) of the nasal cavity and is protected high 
in the nasal vault (Dalton and Jaen, 2010), so only an estimated 5 to 10% of air entering the 
nostrils reaches this region (Johnson et al., 2006). The olfactory mucosa is composed of the 
olfactory epithelium and the underlying olfactory neurons. See Figure 4.2 for an overview. 
 
 
Figure 4.2 Human olfactory system (Rinaldi, 2007) 
 
When sensed orthonasally, odors are perceived as coming from the environment, while 
when perceived retronasally, they are perceived as coming from food in the mouth (Small, 
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A plume of invisible aromas rising from wet grass after a rain shower, the smell of a freshly baked cake, or 
the hint of a perfume wafting in the air can 
all evoke strong feelings and memories. 
Our lives are apparently dominated by the 
visual sense, but often smells trigger much 
deeper emotional responses. In fact, olfac-
tory sensations rule much of the behaviour 
and ecology of a myriad of animal species, 
including our own.
Our understanding of the mechanisms 
behind the detection of odours and how the 
brain reconstructs these stimuli into a ‘smell 
map’ of the world has greatly advanced dur-
ing the past 20 years. Much of the ground-
breaking work was done by Richard Axel at 
Columbia University (New York, NY, USA) 
and Linda Buck at the Fred Hutchinson 
Cancer Research Center in Seattle (WA, 
USA), who shared the 2004 Nobel Prize 
in Physiology or Medicine “for their dis-
coveries of odorant receptors and the 
organization of the olfactory system”. Their 
discoveries provide a detailed picture of 
how odorants are detected by sensory neu-
rons in the olfactory epithelium of the nose, 
which, in turn, transmits this information to 
the olfactory bulb that passes the signal on 
to the olfactory cortex (Fig 1).
The odorant receptors (ORs) on the sur-
face of sensory neurons show significant 
species-dependent variability and specifi-
city. The mouse, for example, has approxi-
mately 1,200 ORs, while humans make do 
with less than 400. The primary input from 
ORs is used in a combinatorial manner to 
encode odour identities. That is, each OR 
binds to several odorants, and each odor-
ant is detected by a specific combination of 
ORs. The brain then translates this specific 
‘receptor code’ into a distinct smell.
Neurons expressing the same OR link 
with neurons in a segregated area of the 
olfactory bulb, where a ‘first map’ of odour 
inputs is formed. Axons coming from neu-
rons in the olfactory bulb then link with sev-
eral partly overlapping clusters of neurons 
in the olfactory cortex. This results in a sen-
sory map that is radically different from that 
in the olfactory bulb because the olfactory 
cortex neurons might receive signals from 
dozens of different ORs. This “raises the pos-
sibility that single cortical neurons can inte-
grate signals from different ORs that detect 
the same odorant and, thus, perform an ini-
tial step in the reconstruction of an odor 
image from its deconstructed features” (Zou 
& Buck, 2006). Following this scheme, neu-
rons in the olfactory cortex might act as 
‘coincident detectors’ that require input 
from more than one OR to become active. 
Supporting this idea about the synthetic 
capacity of the olfactory cortex, Buck and 
Zhihua Zou have shown that binary odorant 
The scent of life
The exquisite complexity of the sense of smell in animals and humans
Olfactory bulb
Bone
Mitral cell
Glomerulus
Nasal epithelium
Olfactory
receptor
cells
Air with 
odorant molecules
Odorant
receptor
4. The signals are 
 transmitted to 
 higher regions of 
 the brain
3. The signals are relayed
 in glomeruli
2. Olfactory receptor cells
 are activated and send
 electric signals
1. Odorants bind to 
 receptors
Fig 1 | The human olfactory system. The odorant receptors are localized on olfactory sensory neurons, 
which occupy a small area in the upper part of the nasal epithelium. Every olfactory receptor cell expresses 
only one odorant receptor. On activation, signals from olfactory receptor cells are relayed in the glomeruli—
well defined micro-regions in the olfactory bulb. Receptor cells of the same type are randomly distributed in 
the nasal mucosa but converge on the same glomerulus. In the glomerulus, the receptor nerve endings excite 
mitral cells that forward the signal to higher regions of the brain. Credit: Karolinska Institutet and Nobel 
Foundation, Stockholm, Sweden.
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2005). Our two nostrils help us stereoscopically locate the source of the odor (Jacobs, 2019). The 
sinuses, a connected system of hollow cavities in the skull lined with mucosa tissue that has a 
thin layer of mucus, may help humidify air in the nasal cavity. 
 In 2015, a $15-million grant by the National Science Foundation kicked off further 
research into how animals, including humans, locate the source of an odor, such as food (Akpan, 
2016). The research focuses on how odors move in the landscape and how animals use spatial 
and temporal cues to move toward a target. The research is just one part of the federal BRAIN 
Initiative that studies olfaction as a window into understanding the brain, because olfaction is 
considered the most primal pathway to understanding brain evolution. At present, such 
information is not available for e-nose development. 
 The olfactory epithelium contains three types of cells: olfactory receptor neurons, their 
precursors (basal cells) and supportive cells. The cilia are constantly exposed to the nasal 
environment and are continually replaced, even their basal cells, possibly indicating frequent 
damage. A layer of mucus 10 to 40 µm thick coats the mucosa epithelium, and odorants must 
pass into this layer to interact with the sensory neurons through a series of poorly understood 
“perireceptor” events (Gane, 2010). Each sensory neuron, covered in cilia, projects down from 
the olfactory epithelium into the mucosa. The cilia form a network covered in receptor proteins. 
These proteins thread back and forth across the outer membrane of the cilia and interact with 
odorants. Various theories have been put forward on how exactly odorants interact with the 
proteins, and this remains an area of research. 
Receptor cells of the same type are randomly distributed in the nasal mucosa but 
converge on the same glomerulus. Each type of neuron frequently responds to more than one 
odorant, even from different chemical classes, so the overall odor signal must be integrated by 
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the olfactory bulb (Rawson et al., 1997). Integration includes both olfactory and trigeminal 
signals, and workers often report odor and irritation as a combined, singular perception (Dalton 
and Jaén, 2010). The olfactory bulb also receives information from other areas of the brain to 
filter out background odors and enhance perception. 
Fascinatingly, none of the physical stimuli themselves ever reach the brain. Instead, a 
host of proteins transduces captured molecules into a small change in voltage that can be 
deciphered by the brain (Zufall and Munger, 2016). The unpleasant and pleasant aspects of 
mixtures are represented separately in the brain (Grabenhorst et al., 2007).  
 Human sensitivity to odorants ranges across several orders of magnitude (Amoore and 
Hautala, 1983). Around 1 ppt appears to be a theoretical limit for sensitivity, and many odorants 
are not perceived until above 1,000 ppm. The major components of air are not sensed at all 
(nitrogen, oxygen, water vapor) (Cain, 1988). Carbon dioxide is an interesting chemical because 
it is odorless at ambient concentrations yet selectively triggers only the trigeminal neurons (pain) 
and not the olfactory neurons (smell) when it reaches 200-fold above background levels 
(Amoore and Hautala, 1983). 
 Describing multiple odor notes in mixtures is challenging. Fewer than 15% of the people 
tested could only identify one of the odorants present in a mixture, and identification of 3 to 4 
components was the limit for trained experts (Laing and Francis, 1989). Even 90% of wine 
judges were unable to reproduce their scores (Hodgson, 2008). 
 General variability in odor perception is high. Factors include age, sex, lifestyle, prior 
exposures, culture and health status (Ferdenzi et al., 2011; Doty and Cameron, 2009; Doty et al., 
1985). Approximately 3% of Americans have minimal or no sense of smell (anosmia) (Hoffman 
et al., 2016). 
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 Prolonged or repeated exposure to an odor can lead to a decreased response (habituation), 
which has the benefit of allowing a baseline reset in preparation for a new stimulus (Wilson, 
2009; Dalton, 2000). Habituation happens as quickly as 2.5 second and is accompanied by 
decreased transduction by the neurons (adaptation) after 4 seconds (Wang et al., 2002). 
 A growing field of research throughout public health is the microbiome, the microflora 
that contribute to gut, mouth and skin health. The nasal cavity, too, hosts microbes that 
contribute to normal functioning (Rawls and Ellis, 2019). Some microbes themselves emit 
odorants and can decrease the host’s sensitivity (Koskinen et al., 2018).   
 Attempts to reverse engineer an odor based on the molecular properties of the odorant 
have been successful. Algorithms were able to predict the odor note of a given odorant based on 
its chemoinformatic features for 8 descriptors (“garlic,” “fish,” “sweet,” “fruit,” “burnt,” 
“spices,” “flower,” and “sour”) out of 19 total (Keller et al., 2017). Researchers using systems 
biology and computational techniques mapped odors to specific proteins on olfactory receptor 
neurons, which was dubbed the “odorome” (Audouze et al., 2014).   
 
4.2 Risk Assessment of Sensory Effects 
 
Sensory interplay of odor and irritation 
 
 Risk assessment for estimating the non-sensory health risks (e.g., cancer) of airborne 
chemicals has a large body of guidance and case studies. The primary focus of this paper is on 
the sensory health effects of odors (and their component odorants) that integrate both trigeminal 
response (pain, tingling) and olfactory response (smell). In general, the olfactory pathway is 
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capable of informing the organism about the presence of an odorant while the trigeminal 
pathway helps inform the organisms about the risk of health hazards and injury (Cometto-Muñiz 
et al., 2010). The interplay between odor and irritation by odorants has been classified into three 
scenarios (Shusterman, 2001) (Figure 4.3):  
1. When irritation occurs at a much lower level than odor perception, which is more the 
traditional realm for toxicology.  
2. When odor perception slightly precedes irritation (e.g., ammonia). The resulting health 
symptoms are more likely due to irritation than to the odor sensation, so odor is simply a 
marker of exposure.  
3. When odor is perceived well before irritation occurs (e.g., hydrogen sulfide).  
Odorants in the second and third scenarios can be safely studied with human volunteers. It 
should not be assumed that odor thresholds will always be much lower than toxicological 
thresholds, including for adverse effects beyond irritation. 
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Figure 4.3 Cumulative population dose-response curve for olfactory and irritant effects under 
three scenarios: A = of a potent irritant compound; B = of an intermediate potency irritant 
compound; C = of a weakly irritant/potent odorant compound. Source: (Shusterman, 2001) 
 
Psychophysics 
  
 Psychophysics is a discipline within psychology that quantitatively investigates the 
relationship between physical stimuli and the sensations and perceptions they affect (Keller and 
Vosshall, 2004). Its application to risk assessment of odors faces the challenge of underlying 
variability in the human response to and perception of odors. The variability in odor and irritant 
sensitivity can be predicted by age, sex, allergic rhinitis status, personality, bias, adaptation and 
the time, required placarding as a hazard us substance nor
use of a double-walled tank car to prevent spillage in the
event of an accident. As the ruptured tank car released its
contents into the river over the following hours the parent
pesticide hydrolyzed into a mixture of hydrogen sulfide
(H2S) and methyl isothiocyanate (MITC, the sulfur analog
of methyl isocyanate or MIC, the compound catastrophic-
ally released in Bhopal, India). MITC and MIC share the
properties of being vesicants (potent mucous membrane
irritants).
The Sacramento River courses southward through a
canyon, portions of which are relatively densely inhabited.
Soon after the spill public health officials were informed that
many residents of the towns of Dunsmuir and Mt Shasta
were complaining of unusual odors emanating from the
river, as well as reporting various symptoms, including
headaches, nausea, eye, nose and throat irritation, cough
and wheezing. Three nearby emergency rooms (ERs) quickly
filled with patients seeking treatment for spill-related com-
plaints. A team of medical epidemiologists and toxicologists
from the state government was dispatched to the area and
local hospitals and physicians’ offices were surveyed.
Over 240 spill-related visits were documented in a single
hospital ER during the 2 weeks following the event and
more than 700 symptomatic individuals (nearly one-third of
the local population) were eventually identified at hospitals,
doctors’ offices and the local evacuation center (Alexeeff et
al., 1994; Kreutzer et al., 1996). The  majority of cases
involved minor complaints with minimal physical findings
(e.g. reddened ocular conjunctivae). However, among 197
individuals complaining of persistent health effects fol-
lowing the spill, 10 were documented to have sub-acute or
chronic exacerbations of pre-existing asthma and another
20 were found to have developed asthmatic conditions
de novo (so-called ‘irritant-induced asthma’) (Cone et al.,
1994).
Public health officials were originally  puzzled  by  the
protracted period during which new symptoms were
reported, until the local topography and meteorology were
considered. It was discovered that the wind direction
through the populated canyon reversed on a diurnal basis
and that as the pesticide traveled some 40 miles downstream
to Shasta Lake over a 3 day period it continued to hydrolyze
and off-gas along the way. Community residents thus
continued to be exposed during the night-time hours, even
after the spill had passed their community.
After reviewing the toxicology literature and the available
environmental monitoring data, public health officials
concluded that the reports of a ‘rotten egg’ odor by local
residents was largely a sentinel phenomenon related to the
presence of H2S as one of the two main Metam Sodium
breakdown products. The agent thought responsible for
the majority of the mucous membrane/irritant health com-
plaints, on the other hand, was MITC. Airborne concen-
trations of the latter compound were documented beginning
the third day after the spill, at which time measurements
ranged as high as 37 p.p.b. Exposure concentrations for
earlier periods were back-extrapolated using water con-
centration data and were estimated to have peaked in the
140–1600 p.p.b. range. (Alexeeff et al., 1994). MITC is
one of a small group of compounds whose threshold for
mucous membrane irritation is actually lower than its odor
threshold. Nesterova and Verschueren reported a human
olfactory threshold for MITC of at least 700 p.p.b. and
an animal irritant threshold (ocular irritation in cats) of
one-tenth that concentration (i.e. 70 p.p.b.) (Nesterova,
1969; Verschueren, 1963). Among residents interviewed, the
characteristic ‘horseradish-like’ odor of MITC appears to
have been largely overshadowed by the accompanying smell
of H2S (author, unpublished data).
From a sensory  science perspective the  exposure was
compound in nature, with a potent odorant/weak irritant
(H2S) heralding the presence of a potent irritant/weak
odorant (MITC). Although symptoms were often experi-
enced in the presence of perceived odors, the symptoms
could not be said to be ‘odor induced’. Graphically, the
compound exposure is represented by a combination of
Figure 1a,c.
The situation in which a potent odorant serves as warn-
ing of a more serious exposure (i.e. acts as a sentinel or
Figure 1 Cumulative population dose–response curve for olfactory and
irritant effects:(a) of a potent irritant compound (for example MITC);(b) of
an intermediate potency irritant compound (for example PH3);(c) of weakly
irritant/pot nt odorant compounds (e.g. H2S and various ercaptans).
340 D. Shusterman
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occupation (Greenberg et al., 2013). Experimental studies have a difficult time controlling these 
factors, as do epidemiology studies. 
 Cognitive bias plays a role in odor responses (Government of Alberta, 2017). Odors 
trigger memories of previous experiences and are influenced by the power of suggestion. If given 
a prior warning (even if false) that an odor is harmful, increased irritation was reported. Fewer 
symptoms were reported if told the odor was healthful. Even when no odor was administered, 
suggestion that there was a harmful odor led to symptoms. Prior experience with an odor 
introduces bias, too. Emotional baseline (mood) is also a factor (Andersson et al., 2013). 
Sensitization to an odorant occurs when an acute (single) exposure triggers subsequent, 
more-severe responses, often at lower concentrations (Laska and Hudson, 1991). Desensitization 
can occur when chronic (habitual, ongoing) exposure to an odorant increases the concentration 
required to trigger a response. For example, workers who are habituated and desensitized to an 
odorant may be baffled by neighborhood complaints (Schiffman, 1998).  
 
4.3 Hazard Identification 
 
Common symptoms 
 
 ATSDR (2017) listed the common symptoms (i.e., hazards or adverse effects) from 
exposure to environmental odors on its website (https://www.atsdr.cdc.gov/odors/index.html, 
accessed April 30, 2019) and factsheet. The most common symptoms are headache and nausea. 
These 2 plus another 16 identified symptoms are included in Table 4.1, organized by the affected 
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organ. Contradicting studies occur frequently in the toxicological and epidemiological literature, 
especially regarding the health effects of odors (Government of Alberta, 2017). 
 
Table 4.1 Common symptoms from exposure to environmental odors 
Organ Symptom a Effects from One Hour of Swine Odor c 
Effects Noted in 
Epidemiology Studies d 
Brain 
Headache b X X 
Drowsiness – X 
Dizziness – X 
Nose Irritation – X Congestion – X 
Eyes Irritation, watery or dry X X 
Throat 
Irritation – X 
Hoarseness – X 
Sore throat – X 
Lungs 
Cough – X 
Chest tightness – X 
Shortness of breath – X 
Wheezing – X 
Sleep problems from 
irritation or cough – X 
Heart Palpitations – X 
Stomach Nausea b X X 
Psychological, hormones Depression – X Stress – X 
Key: X = effect observed as elevated over controls, – = effect not observed as elevated over controls  
a ATSDR (2017) 
b Most common symptoms 
c Schiffman et al. (2005) 
d Alberta Health (Government of Alberta, 2017) 
 
Due to the availability of human data, other animal data were not considered in the 
hazard identification. Further, humans have a smaller area of nasal olfactory epithelium than 
rodents, which makes humans more vulnerable to loss, and respiration rates are quite different 
(Feron et al., 2001). 
 Only one experimental study of a typical, complex environmental odor (swine odor) and 
health effects was found (Government of Alberta, 2017), which included both physical effects 
and mood (Schiffman et al., 2005). Out of the dozens of parameters evaluated, only headaches, 
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eye irritation and nausea symptoms were elevated among those exposed for one hour as 
compared to controls (Table 4.1). 
 The epidemiology evidence, however, indicated the full range of adverse effects from 
odor exposure (Table 4.1) (Government of Alberta, 2017). Such symptoms were self-reported, 
which means they may include bias. The distance from facility, an objective measure, contrarily 
did not predict the frequency of symptoms. Interestingly, the relationship between odor exposure 
and health symptoms appeared to be greatly influenced by odor hedonic tone, perhaps more so 
than odor intensity.  
 The debate whether the purely odor-related symptoms (as opposed to irritation) are 
psychological or have an actual underlying physical cause is ongoing. In the same issue of 
Archives of Environmental Health in 1992, two opposing perspectives were presented. 
Shusterman (1992) concluded that the evidence of health effects was lacking beyond odors’ 
ability to inflict annoyance. In the editorial immediately after his article, Ziem and Davidoff 
(1992) countered that odor, and chemical sensitivity in general, may well be based on underlying 
physiological responses, as was often found in the case of sick building syndrome. Both agreed 
that better ways to determine the impact of odors were needed, and well-controlled prospective 
case-control studies would be especially welcome. 
 The psychological symptoms of odor exposure include tension, nervousness, anger, 
frustration, embarrassment, depression, fatigue, confusion, frustration, annoyance, and general 
stress (Government of Alberta, 2017). Odor frequency, odor intensity and feeling their concerns 
are not being heard all contribute to annoyance, which leads to stress. Health worries contribute 
as well. See Table 4.2. 
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Table 4.2 Psychological symptoms of odor exposure (Government of Alberta, 2017) 
Psychological Symptoms of Odor Exposure Annoyance Factors 
Tension 
Nervousness 
Anger 
Frustration 
Embarrassment 
Depression 
Fatigue 
Confusion 
Frustration 
Annoyance 
Stress 
Odor frequency 
Odor intensity 
Feeling concerns not being heard 
Health worries 
 
 
 Changes in odor-induced frontal lobe activity has been linked to changes in mood, 
drowsiness, and alertness (Government of Alberta, 2017). Unfortunately, the studies of this 
connection were few and additional research in this area is needed. Odor-induced brain activity 
is complex, involving more than 30 different regions. Exposure to malodor led to inability to 
focus on a task (Nordin et al., 2017). Other studies reviewed (Government of Alberta, 2017) 
found, however, that odors have no effect on task performance, so they concluded that the impact 
of odors on task performance may be odorant-specific. 
 Increased prevalence of gastrointestinal symptoms (nausea, vomiting and diarrhea) were 
observed as a function of proximity to a wastewater treatment plant in Poland (Jaremków et al., 
2017). The symptoms were correlated with both odors and microbiological pollutants 
(pathogenic α-haemolytic and mannitol-positive staphylococci) and could not be disentangled to 
single out odors as the primary agent. Similarly, the negative effects of traffic noise and odor on 
residents in Windsor, Ontario, Canada, had a strong covariance between these two parameters 
and could not be differentiated (Oiamio et al., 2015). 
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Non-sensory adverse effects 
 
Some odorants and some co-pollutants within odors are considered hazardous air 
pollutants (or in California, toxic air contaminants) because they cause other adverse effects 
beyond smell and irritation (e.g., cancer, noncancer toxicity). Detailed information on such 
adverse effects is found at https://oehha.ca.gov/air/toxic-air-contaminants (accessed April 20, 
2019). Air that contains odorants also is known to contain odorless co-pollutants such as 
particulate matter and endotoxins (Schiffman and Williams, 2005). 
There was a positive correlation between the presence of odors and the prevalence of 
self-reported health symptoms, such as headache and nausea, when communities near hazardous 
waste sites were compared (Shusterman et al., 1991). However, more serious health outcomes – 
cancers, mortality and birth defects – were not higher compared to the control sites (Shusterman 
et al., 1991). 
 
4.4 Dose-response 
 
 Dose-response relationships for odors aim to link the percentage of people experiencing 
adverse effects, such as odor annoyance and irritation, to the level of exposure. For toxic 
chemicals, adverse effects increase as exposure increases. Odors, however, can be more 
inconsistent. For example, hydrogen sulfide loses its characteristic “rotten egg” odor note as the 
concentration increases, leading to harmful levels going unnoticed (Amoore and Hautala, 1983). 
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Thresholds 
 
Individual odorants and odorous mixtures tend to pass through various sensory thresholds 
as they increase in concentration. These include detection, recognition, annoyance and objection, 
as described in Table 4.3.  
 
Table 4.3 Odor thresholds 
Odor Concentration Sensory Threshold 
Lower 1. Odor detection  
↓ 
2. Odor recognition 
3. Odor annoyance 
Higher 4. Odor intolerance (objection) 
 
 
Such thresholds are called “suprathreshold” when above the odor is clearly perceptible. 
Different levels and locations of irritation may occur as well, which are also concentration-
dependent (Table 4.4). Other health effects, including those from acute and chronic exposure, 
observe dose-dependent trends and have established thresholds by more complex, non-sensory-
based techniques often involving high-to-low dose extrapolation from animal studies. As an 
example, the thresholds for hydrogen sulfide are included in Table 4.4. 
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Table 4.4 Odorant thresholds, their descriptions and hydrogen sulfide as an example 
Threshold Description Example: Hydrogen Sulfide 
1. Odor detection  Odor can barely be differentiated from odorless air 
0.005 ppm (WHO benchmark, 30-min 
TWA, to avoid nuisance odor; ODTC50 by 
Hoshika et al., 1993) 
2. Odor recognition Odor note can be characterized or described 
0.13-30 ppm (rotten egg odor) 
 
0.03 ppm (California Ambient Air Quality 
Standard, decreased annoyance, 1-hr TWA) 
3. Odor annoyance Annoyed, but no physical reaction or health symptoms  
4. Odor intolerance 
(objection) Physical symptoms begin  
5. Perceived irritant Irritation begins, usually in the respiratory tract 10-20 ppm (eye irritation) 
6. Somatic irritant Tissue damage begins 50-100 ppm (eye damage) 
7. Chronic toxicity Long-term health effects can occur 
0.0007 ppm (USEPA benchmark) 
 
0.03 ppm (ATSDR benchmark) 
8. Acute toxicity A single or short exposure rapidly leads to a toxic effect 
0.07 ppm (ATSDR benchmark) 
 
15 ppm (OSHA STEL, 15-min TWA) 
 
10 ppm (OSHA PEL, 8-hr TWA) 
 
100-250 ppm (loss of smell, throat stinging) 
 
300 ppm (NIOSH IDLH) 
 
250-500 ppm (headache, risk of death) 
 
500-1,000 ppm (tremors, respiratory arrest) 
 
1,000-2,000 ppm (collapse, death)  
Source: Schiffman et al., 2000; Simonton and Spears, 2007; Collins and Lewis, 2000. 
 
 The major goal of both risk assessment and odor assessment is to verify that exposures 
are below the thresholds of concern (i.e., risk characterization). For conventional risk 
assessment, the thresholds are health-based, often extrapolated from animal studies, and typically 
incorporate large margins of safety due to crude extrapolations and uncertainties. For odor 
assessment, achieving odorless air is the goal, yet due to the “lack of severity” (i.e., reversibility 
and transitory nature) of the effect, the acceptable limit is often set well above the odor-detection 
threshold. Given the wide variability in human response to odor, this approach is perilous, but a 
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point of departure is needed, nonetheless. The amount of dilution required to achieve odorless air 
delivers a crude point of departure but should acknowledge the large error and be presented with 
only one significant figure in the final results. 
Thresholds for odorants typically vary by several orders of magnitude, especially the 
ODTC50 (Brancher et al., 2017). Further, reliable methods may not have been used, and results 
for odor detection and odor recognition are sometimes mixed up. 
 Within a controlled setting, two approaches to sensory testing of dilutions by panelists are 
used. One is the Odor Profile Method (OPM), which uses sugar solutions for calibration, and the 
other uses odor disappearance upon sufficient dilution. Both rely on dilution equipment, typically 
a dynamic dilution olfactometer that delivers sampled air diluted with odorless air to a nose port 
where the dilution is smelled by the panelist. Concentrations are presented in ascending order 
(decreasing dilutions) to avoid desensitization and anticipation bias. Statistics are then used on 
the panelists’ results to determine the ODTC50 (level at which 50% of the panel detects an odor) 
for the odorant or mixture tested. 
  For a single odorant, OPM is used to assign an odor note and intensity to each dilution. 
The Weber-Fechner law is applied, meaning that the logarithm of the concentration is taken and 
then the intensity results are fit to a line through linear regression. Extrapolation to intensity 
score 1 yields the ODTC50 value. Each odorant can have a vastly different slope. For example, a 
200-fold change in concentrations of 1-propanol and n-amyl buterate caused a 15-fold and 0.5-
fold change in odor intensity, respectively (National Research Council, 1979, p. 45). 
 For mixtures (or single-odorant samples), the ODTC50 can be determined by forced-
choice, typically “triangle,” methods using the same dynamic dilution equipment (ASTM 
Method E679-04, 2011a; EU Method EN 13725, CEN, 2003). While inhaling at the nose port, 
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the panelist rotates between three choices (two with odorless air and one with the diluted sample) 
and then selects which is the diluted sample. A point estimate is generated (ASTM Method 
E1432-04, 2011b) rather than a curve, and no odor description (odor note, odor hedonic tone, 
odor intensity) is gathered. ASTM Method E679-04 has been used to determine the ODTC50 
values for a range of odorants (Young et al., 1996). Such methods have been used in the drinking 
water industry to set ODTC50 values for methyl tertiary butyl ether (Stocking et al., 2001) and 
improvements to ASTM Method E679-04 have been suggested for drinking water (Burlingame 
and Doty, 2018). 
 In Europe, under EN 13725, the final dataset typically only includes the data for the four 
or more panelists whose results are the most consistent with the overall panel’s geometric mean 
value. Also, panelists may be presented with 2 samples (binary forced-choice: 1 odour sample, 1 
odourless sample) instead of 3. The dilution result is called “European odour unit” (OUE/m3), 
which is defined as “the amount of odorants that, when evaporated into 1 m3 of neutral gas at 
standard conditions, elicits a physiological response from a panel (detection threshold) 
equivalent to that elicited by 1 European reference odour mass [123 μg n-butanol] evaporated in 
1 m3 of neutral gas at standard conditions” (Bockreis and Steinberg, 2005). Thus, the European 
approach accounts for the variation in detection thresholds (for n-butanol) of the panelists.  
 Despite these strictures, proficiency tests in 2007 and 2008 found two thirds of the 
European laboratories claiming to work in accordance to the EN 13725 standard failed to 
demonstrate compliance with the required performance criteria (van Harreveld et al., 2009). 
 Dilution equipment can also be used to evaluate the odor hedonic tone, as is required in 
the Netherlands (NVN 2818:2005). Panelists express the degree of pleasantness using a 9-point 
scale ranging from H -4 (extremely pleasant) to H +4 (extremely unpleasant). The logarithm of 
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the odor concentration is plotted versus the H-value, which approximates a straight line. Using 
linear regression, the level of dilution required to achieve Dutch regulatory criteria can be 
estimated. 
 OPM used to determine the ODTC50 goes against the guidance upon which it was built, 
yet still delivers useful results (Curren et al, 2014; Zhou, 2016a). Both the FPA and APHA 
Method 2170 (2012) advise against conducting statistical analysis on the intensity scores. The 
scores are categorical (ordinal) rankings and not an interval scale. In other words, an intensity 
score of 8 is not necessarily twice as intense as a score of 4. The intensity scale was not designed 
for 1 to be the ODTC50 value, and historically used the symbol “)(“ or “T” to indicate that the 
threshold is not quantifiable by this method (due to too much variability, even 1,000-fold). 
Surprisingly, such “against the guidance” extrapolation was found to be not off-the-mark from 
ODTC50 values from other studies (Zhou, 2016), which may be confirmation of the enormous 
range of such values (Table 4.5). Day-to-day variation by panels is typically within an order of 
magnitude (Abraham, 2014). 
Faint environmental odors are sensed but cannot be measured by dynamic dilution 
olfactometry (Guillot et al., 2012). Typically, dynamic dilution values are never given for levels 
lower than 10 OUE/m3, and generally the lower values start in a range of 50–100 OUE/m3.  
 The use of human subjects as panelists is strictly controlled (Kemp et al., 2011). 
International codes of conduct apply as do reviews by a human subjects review boards to protect 
participants. 
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Table 4.5 OPM extrapolated ODTC50 values for nine odorants (Zhou, 2017) 
Odorant 
OPM-extrapolated ODTC50 
(vs. range found in the literature) 
µg/m3 
hydrogen sulfide 0.7 (0.6-10) 
methyl mercaptan 0.2 (0.04-3) 
dimethyl sulfide 8 (2-10) 
dimethyl disulfide 0.8 (0.1-9) 
2-methylisoborneol 0.1 (0.09-0.5) 
2-isopropyl-3- methoxypyrazine 0.002 (0.005-0.05) 
skatole 0.3 (0.0004-0.3) 
indole 2 (1-7) 
ammonia 900 (30-4,000) 
Source of ranges:  Nagata and Takeuchi, 2003; Rosenfeld et al., 2007; Amoore, 1983; Ömür-Özbeket et al., 2011; 
Sala et al., 2004; Ruth, 1986. 
 
 
Exposure limits 
 
 Exposure limits are intended to protect the health of populations and arrive at quite 
different results for workers versus the general public. Workers are considered healthier and less 
diverse in susceptibility than the general population. They also only spend a portion of their day 
and week on-the-job. Political pressures, too, may influence worker limits to prevent onerous 
restrictions to industry (Ziem and Davidoff, 1992). The morbid or lethal outcomes of occupation 
exposures likely overshadowed concerns about impact on olfactory function. The end result is 
that worker exposure limits are usually many times higher than those for residential exposures. A 
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survey by National Geographic revealed that factory workers reported poorer senses of smell 
(Corwin et al., 1995), although sensory loss is typically gradual and may be confused with aging 
(Dalton and Jaen, 2010). Sensory-impaired workers can miss out on warning signals (spoiled 
food) that impact their nutrition and quality of life. 
 Monitoring of workplace air for hazardous chemicals cannot be replaced by sensory cues, 
due to a portion of the workforce having little or no sense of smell (anosmia), odors can create a 
workplace nuisance for most employees. Workers, too, are subject to the psychological strain of 
odor exposure, and setting and occupational exposure limit above the odor threshold may lead to 
perceived risk and well as physical response (e.g., headache, nausea). For these reasons, 
occupational exposure limits (OELs) consider odor. 
 OELs have long considered irritation (Leung, 2002). In the United States and Europe, 
about 40% of the OELs are set to avoid sensory irritation (Dick and Ahlers, 1998). Sensitization 
is especially a concern, and OELs should be set low enough to avoid such initial, triggering 
exposures (e.g., occupational asthma). Only three chemicals are regulated by OSHA based on 
“obnoxious odor” and worker complaints: isopropyl ether, phenyl ether, and vinyl toluene (Wang 
et al., 2013). Critical reviews suggest setting OELs by taking into account both irritation and 
odor thresholds (Gaffney and Paustenbach, 2007).  
 For residential exposures, sensory effects (irritation, odor) are considered in emergency 
situations (acute exposures) but rarely for ongoing, long-term exposures (chronic exposures). 
The latter protect from cancer and non-cancer effects by focusing on system organ toxicity. 
 Whether odor is a health-protective signal varies from odorant to odorant. Carcinogens 
have especially low exposure limits, so the ODTC50 tends to be well above the residential 
exposure limit. Benzene and formaldehyde are prime examples of such carcinogens (Table 4.6; 
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Rosenfeld et al., 2007). Because ODTC50 values range over several orders of magnitude, they 
commonly overlap with exposure limits. Re-visiting the work by Rosenfeld et al. (2007) and 
adding the ODTC50 ranges from AIHA (2013), this overlap became apparent for hydrogen 
sulfide and ammonia (Table 4.6). 
 
Table 4.6 ODTC50 ranges, occupational and residential exposure limits for four odorants 
 
Benchmark 
Hydrogen sulfide 
rotten eggs 
(ppb) 
Ammonia 
pungent 
(ppb) 
Formaldehyde 
unpleasant 
(ppb) 
Benzene  
sweet, solventy 
(ppb) 
ODTC50 
Rosenfeld (2007) a 0.4 – 8 40 – 5,700 ppb 1,200 – 60,000 ppb 1,400 – 85,000 ppb 
AIHA (2013) 0.04 – 1,400 40 – 60,000 ppb 30–10,000,000 ppb 500 – 300,000 ppb 
Occupational Exposure Limit (acute and chronic) 
NIOSH STEL (15-min 
TWA) 
10,000 ppb 
(ceiling) 
35,000 ppb 100 ppb 1,000 ppb 
ACGIH TLV (15-min 
TWA) 
5,000 ppb 35,000 ppb 300 ppb 2,500 ppb 
CalEPA REL (acute) 30 ppb 4,500 ppb 45 ppb 8 ppb 
NIOSH REL (8-hr TWA) – 25,000 ppb 16 ppb 100 ppb 
OSHA PEL (8-hr TWA) 20,000 ppb 50,000 ppb 750 ppb 1,000 ppb 
ACGIH TLV (8-hr TWA) 1,000 ppb 25,000 ppb 100 ppb 500 ppb 
CalEPA REL (8-hr TWA) – – 7 ppb 1 ppb 
Residential Exposure Limit (chronic) 
WHO European Guideline 100 ppb 
(24-hr TWA) 
– 80 ppb  
(30-min TWA) 
– 
USEPA RSL b 1.5 ppb 750 ppb 0.2 ppb 0.1 ppb 
USEPA RfC 2 ppb 700 ppb – 9 ppb 
CalEPA REL 15 ppb 300 ppb 7 ppb 0.9 ppb 
a Expanded to include upper end of range. 
b Addresses both cancer and noncancer effects. All other benchmarks address only noncancer effects. 
Acronyms: ACGIH = American Conference of Governmental Industrial Hygienists, NIOSH = National Institute for 
Occupational Safety and Health, STEL = short-term exposure limit, TLV = Threshold Limit Value®, CalEPA = 
California Environmental Protection Agency, REL = reference exposure level, OSHA = Occupational Safety and 
Health Administration, PEL = permissible exposure limit, WHO = World Health Organization, USEPA = U.S. 
Environmental Protection Agency, RSL = regional screening level, RfC = reference concentration  
 
 In the absence of regulatory limits for most odorants, the de facto exposure guideline for 
residential exposures to odorants and irritants is the ODTC50. To be more protective, some have 
suggested it should protect 80% of the population instead of just 50%. The American Society of 
Heating, Refrigerating and Air-conditioning Engineers (ASHARE) targets that 80% of occupants 
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do not express dissatisfaction with the air quality (Wang et al., 2013). If switched to 80% 
protection, the value would decrease, be termed ODTC20, and vary even more greatly than the 
ODTC50 values, which commonly span several orders of magnitude.  
 Compilations of curated ODTC50 values are currently available: 
• 295 odorants for which there is a published occupational exposure limit in the United 
States (AIHA, 2013) 
• Texas compiles and filters existing lists, which is ongoing (Texas Commission on 
Environmental Quality, 2015) 
• 189 hazardous air pollutants (USEPA, 1992) 
• 21 odorants were reviewed (RIVM, 2009) 
• 84 odorants in food aroma (Czerny et al., 2008) 
• Amyl acetate, n-butanol, (R)-(+)-limonene, tetrahydrothiophene, pig odor mixture and a 
mixture of organic, aromatic solvents (Stöckel et al., 2018) 
Reliance on older results (Ruth, 1986; Nagata and Takeuchi, 2003; van Gemert, 2011) should be 
replaced by values found in carefully curated compilations that include more than one method of 
determination. Section 4.5 provides examples that support this point. 
 
4.5 Residential Exposure and Risk Characterization 
 
 Exposure assessment involves the measurement (or estimate) of odorant concentrations in 
the hope the subset measured is responsible for the odor. It also involves the use of human panels 
to identify odor characteristics (odor note, odor hedonic tone and odor intensity). Such 
categorical measures cannot be used in a quantitative risk assessment; however, they do provide 
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qualitative information. The measurement of the number of dilutions required to remove an odor 
(pseudo intensity) is plagued by inconsistent results and driven by the final remaining odorant in 
the dilution (Lebrero et al., 2011). 
When exposure measurements (air concentrations) have been determined for a subset of 
odorants, the readings can be compared to the exposure limits presented in Section 4.4. This is 
the risk characterization. For residential exposure, the comparison is with the ODTC50 by a ratio 
known as the “Odor Activity Value” (OAV = concentration/ODTC50) (Patton and Josephson, 
1957). Such a comparison, however, carries with it the inherent weakness in the numerator and 
denominator values in the ratio, undermining some of its usefulness. Specifically, ODTC50 
values (denominator) usually span odors of magnitude, and measured concentrations (numerator) 
are typically a snapshot in time. Some studies find the inputs to OAVs too variable and are now 
pursuing other methods instead (Fisher et al., 2019). 
 In addition, for ongoing rather than intermittent odor exposures, comparisons with health-
based exposure limits for residents, such as the USEPA Reference Concentration (RfC) or 
California EPA Reference Exposure Level (REL chronic), can be performed for noncancer 
effects. For carcinogens, the cancer risk estimate involves the inhalation USEPA Unit Risk 
Factor (URF) or equivalent. Note that exposure assessment usually has less uncertainty than 
other portions of risk assessment (Paustenbach, 2002b). 
Mixtures are challenging for risk assessment. Combined effects of sensory irritants can 
be considered additive as a first approximation (Nielsen et al., 2007). The interplay of odorants, 
however, is often unknown (i.e., additive or subtractive). Hydrogen-sulfide-equivalents are a 
proposed approach (Peters et al., 2014), similar to the dioxin equivalents for the 17 dioxin-like 
congeners and the carbon dioxide equivalents for various greenhouse gases. 
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 As a literature review, where no exposure data were generated, the case-study approach is 
used to illustrate how odorant concentration data can be used in conjunction with odor threshold 
information to characterize the health risks. Case studies were selected that addressed both odor 
and health risks within the same study. Although the most significant risks are due to chemical 
exposures in the workplace (Pautenbach, 2002b), the focus of this paper is on residential 
(community) exposures to environmental odors, so worker exposure studies were excluded 
(Zhou et al., 2016; Wu et al., 2018; Bylinski et al., 2019). 
 
Case study #1: Odorant prioritization 
 
 Not only have OAVs been evaluated for on-site worker exposures (Zhou et al., 2016; 
Zhou, 2017), they also have been evaluated for odorants from sewers across Australia over a 
period of 3.5 years (Sivret et al., 2016). Both efforts were to prioritize the subset of odorants 
monitored within the mixture to identify “high priority” odorants for further analysis. For the 
sewer study, the upper bound (95th percentile) concentrations were compared to the ODTC50 
values from Nagata and Takeuchi (2003). The ranking by OAV reduced the number of 
compounds from 31 to 8 “high-priority” odorants. Hydrogen sulfide and methyl mercaptan 
dominated across all sites (OAVs above 15,000), and other volatile sulfur compounds (dimethyl 
sulfide and dimethyl disulfide) also ranked high for most sites. Diethyl sulfide, limonene, toluene 
and m,p-xylenes each ranked high for fewer sites. 
 The limitations of such ranking are substantial. The choice of ODTC50 value is 
paramount and typically ranges over several orders of magnitude across studies, complicating 
OAV calculations and their utility as a ranking scheme. Although Sivret et al. (2016) 
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acknowledged the enormous ranges of ODTC50 values available in the compilation by van 
Gemert (2003) in several graphs, the final ranking was performed using the single values found 
in Nagata and Takeuchi (2003) for simplicity. Presenting the final OAVs as ranges would have 
muddied the results. Finally, those compounds without ODTC50 values available in the literature 
(cymene, ethyl methyl sulfide, diethyl trisulfide, and dimethyl trisulfide) were dropped from the 
ranking, essentially rewarding lack of data for potentially odorous compounds. As with any 
study of mixtures, the analyzed odorants are only a subset and may not reflect the overall, total 
odor experienced by residents. 
 
Case study #2: California coastal intermittent chemical odors 
 
 Intermittent yet recurrent “gas/sulfur/chemical” odors were experienced along the coastal 
area of Seal Beach, Huntington Beach, and Long Beach. Air samples were collected and 
analyzed from March 2017 and October 2018. All of the results were posted, and a subset (35 
samples from March to November 2017) were included in a risk assessment that was 
summarized for the public to address their health concerns (SCAQMD, 2018a). Apparently, the 
monitoring was not compared to ODTC50 values for an odor impact assessment. 
 The results of the risk assessment were: 
• Acute exposures (around 1 hour) 
o Ethane, propane, isobutane, n-butane, n-hexane, benzene, toluene, ethylbenzene, 
xylenes, styrene and other hydrocarbons – all results were below acute RELs 
o Hydrogen sulfide – all results were below the California state standard of 30 ppb yet 
still may lead to temporary symptoms (headache, nausea) 
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• Chronic exposures (long-term or lifetime) 
o Cancer risk – continuous monitoring was not performed, so the results for 
carcinogens, such as benzene, could not be determined 
o Noncancer risk – same rationale 
They acknowledged that some of the compounds detected did not have acute RELs and that 
multiple sources may be responsible for the odors. 
 The data for the entire monitoring period is posted (http://www.aqmd.gov/home/news-
events/community-investigations/coastal-area-odor-complaint-response-information, accessed 
May 3, 2019), thus the full set of results for benzene was examined. Between November 2017 
and October 2018, when the monitoring ended, three of the results for benzene (9.3, 12 and 36 
ppb) were above the acute REL (8.5 ppb) (OEHHA, 2014). Most of the results were above the 
chronic REL (0.9 ppb, noncancer effects). Although no chronic REL exists for cancer, the level 
that results in a one-in-a-million risk is 0.04 ppb, and almost all of the benzene results are above 
this level. Analysis of other compounds, especially carcinogens, may yield similar risk 
characterizations for the full set of monitoring data. 
 
Case study #3: California natural gas underground storage massive leak 
 
 On October 23, 2015, one of the natural gas underground storage wells in Aliso Canyon 
suffered a massive leak. It was finally sealed on February 18, 2016. Over 2,340 odor complaints 
from nearby residents (especially Porter Ranch) were received throughout this period. Even after 
returning to their homes after the evacuation, residents reported headaches, nasal congestion, 
sore throats, respiratory problems, nausea, dizziness and skin rashes (which ceased when 
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residents returned to temporary housing elsewhere) (Interagency Task Force on Natural Gas 
Storage Safety, 2016). Air monitoring was conducted as well as three (one completed and two 
proposed) health studies: 
• SCAQMD air monitoring report: Completed January 2018; 47 pages (SCAQMD, 2018b) 
• $1-million health study: Not awarded yet by SCAQMD; request for proposal under 
revision since late 2017. The study will examine the unexplained health symptoms that 
were reported during and after the massive gas leak and address the potential toxicity of 
the species for which there is no established REL (e.g., mercaptan odorants). 
• $25-million health study: Los Angeles County Department of Public Health will also 
study the health impacts; funded through the settlement announced in August 2018. 
The air monitoring report (SCAQMD, 2018b) also included risk characterization but only made 
passing reference to odor thresholds, “sulfur odorants can be detected by the human nose at very 
low levels, and odors can cause health symptoms at levels below the detection limits of any 
currently available monitoring device.” Some laboratories, however, can achieve such low 
detection (Interagency Task Force on Natural Gas Storage Safety, 2016). 
 The risk characterization included in the SCAQMD (2018b) report concluded that nearly 
all measurements were below the noncancer acute RELs, which included the intentionally added 
odorants (mercaptans), BTEX (benzene, toluene, ethylbenzene, xylenes), styrene, sulfur-
containing compounds, and toxic carbonyls (formaldehyde and acetaldehyde). The report did not 
mention which readings were above the acute RELs, but benzene did receive further attention 
(the full dataset is posted http://www.aqmd.gov/home/news-events/community-
investigations/aliso-canyon-update/air-sampling/laboratory-results---air-sampling-data, accessed 
May 3, 2019). Levels of benzene from 24-hour time-integrated samples during the leak period 
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were comparable to typical levels for the South Coast Basin for 2012-2013 (yet likely exceeded 
the chronic REL for benzene or this would have been mentioned). The modeled additional 
cancer risks attributed to the gas leak were estimated to be less than 2-in-one million (2 x 10-6) 
for a six-month exposure, almost exclusively due to benzene (http://www.aqmd.gov/home/news-
events/community-investigations/aliso-canyon-update/health-impacts-estimates). The long-term 
average concentrations of the measured toxic air contaminants were substantially lower than 
their corresponding chronic RELs. Not all compounds monitored have acute and chronic RELs 
established, notably the odorants added to added to natural gas. 
 
Case study #4: California oil well odors from hydrogen sulfide  
 
 Risk assessment is often predictive rather than retrospective. The impacts of a proposed 
oil well in Hermosa Beach, California, were forecast (McCallum et al., 2016). Except for upset 
conditions, the anticipated negative health outcomes were largely nuisance-related (e.g., odor, 
aesthetics). The evaluation concluded that the oil well would have no substantial effect on 
community health, which was based in part on a risk assessment of hydrogen sulfide as the 
odorant of primary concern. 
 The results of the modeling (Marine Research Specialists, 2014) indicated that fugitive 
emissions from normal operations could produce concentrations greater than the odor threshold 
without mitigation, which would reach nearby residences. Concentrations could be as high as 6 
times the odor threshold, primarily driven by hydrogen sulfide. The acute REL for hydrogen 
sulfide (29 ppb) would only be exceeded, according to the model, during accidental or unplanned 
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release. Odor impacts from normal operations were, therefore, considered potentially significant 
without mitigation, so an Odor Minimization Plan was required. 
 
Case study #5: Northern Denver odor from unknown source 
 
 Over years, the residents of communities north of Denver have complained of 
intermittent, unpredictable “tar” and “asphalt” odors. The symptoms in Globeville, Colorado, 
included burning eyes and throat, headaches, skin irritation and sleep problems. A USEPA-
funded environmental justice study was conducted there in 2012 (Morgan et al., 2015). Air 
samples were collected from locations near potential sources and within the community over a 
period of 7 months. Out of a list of 23 analytes, the most prevalent were hexane, heptane, 
benzene, toluene, m,p-xylenes and naphthalene. The maximum concentrations were below odor 
and toxicity thresholds (Table 4.7), except for the carcinogens (benzene and naphthalene), which 
were considered within normal ranges for urban air. To see how the risk characterization might 
change if different thresholds were selected, a comparison with the ODTC50 ranges from AIHA 
(2013) and the RELs from California (OEHHA, 2016) was conducted (Table 4.7).  
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Table 4.7 Comparison of thresholds in Morgan et al. (2015) to other sources 
 
Data from Morgan et al. (2015) Comparison Thresholds from Other Sources 
Odorant and 
Odor Note 
Maximum 
Concentration 
(ppb) 
ODTC50 
(ppb) 
Health Thresholds 
(ppb) 
ODTC50  
from AIHA (2013) 
(ppb) 
California Health 
Thresholds 
(ppb) 
hexane 
“gasoline” 
2.6 65,000 
130,000 
50,000 TLV 
600 chronic MRL 
1,500 – 248,000 2,000 chronic REL 
heptane 
“gasoline” 
1.1 150,000 500,000 STEL 
400,000 TLV 
410 – 732,000 none 
benzene 
“aromatic” 
“sweet” 
“solvent” 
1.6 61,000 10,000 TLV 
6 acute MRL 
4 intermediate MRL 
3 chronic MRL 
0.04 cancer 10-6 risk 
470 – 313,000 8.5 acute REL 
0.9 8-hr REL 
0.9 chronic REL 
toluene 
“sour” “burnt” 
“benzene-like” 
6.3 2,800 
8,000 
50,000 TLV 
1,000 acute MRL 
80 chronic MRL 
21 – 157,000 9,800 acute REL 
80 chronic REL 
 
m,p-xylenes 
“sweet” 
2.9 50 
730 
150,000 STEL 
100,000 TLV 
2,000 acute MRL 
600 intermediate MRL 
50 chronic MRL 
12 – 316,000 5,000 acute REL 
160 chronic REL 
naphthalene 
“tar” 
“creosote” 
“mothballs” 
25 38 
84 
15,000 STEL 
10,000 TLV 
0.7 chronic MRL 
19 – 1,020 1.7 chronic REL 
 
 
 The comparison thresholds did not change most of the risk characterization performed by 
Morgan et al. (2015). Only the maximum measurement of naphthalene (25 ppb) enters within the 
comparison range of ODTC50 values (19 – 1,020 ppb), while the low ends of other comparison 
ranges for toluene and m,p-xylenes are now within a factor of 3. The health risk characterization 
remains the same, with the carcinogen benzene exceeding the threshold that accounts for cancer. 
Urban levels of benzene are typically around 1.8 ppb (WHO, 2000), which are also above the 
cancer threshold. 
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Case study #6: Cannabis cultivation odors 
 
 An emerging area for environmental odors is cannabis cultivation. In the states that have 
legalized cannabis use medicinally and by adults, the cultivation in warehouses has led to 
nuisance odor complaints. The grow cycle includes a budding stage with “skunk” odor notes. 
Most cultivation warehouses stagger the growth cycles, so budding is an ongoing occurrence. As 
a best practice, exhaust ventilation is passed through an activated carbon filter; however, the 
efficiency is typically 50-98% (Denver Public Health & Environment, 2018), so odorous 
compounds are still emitted. Colorado has required odor management plans certified by an 
industrial hygienist to ensure best practices are implemented. 
 In 2003, California was the first state to allow medicinal cannabis use (Senate Bill 420). 
In 2018, cultivation for adult use became legal (Proposition 64). Today, regions throughout the 
state – such as Sonoma County, Sacramento County and Greater Palm Springs – are managing 
the side-by-side growth of the indoor-cultivation industry and nearby residences.   
 The first study to report Odor Activity Values (OAV = C/ODTC50) for odorants emitted 
from cannabis identified a list of over 20 substances, which were different than those 
traditionally associated with cannabis odor (Rice and Koziel, 2015). OAVs could only be 
calculated for those odorants that had existing ODTC50 values in the literature. Samples were not 
living cannabis plants, but rather fresh, old and desiccated cannabis, and some monitoring was 
outside storage bags (plastic or canvas) to simulate a person being pulled over by police while 
transporting cannabis. The most odorous compounds based on OAVs are listed in Table 4.8 and 
provide a starting point for future odor research. 
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Table 4.8 High-odor-impact compounds from cannabis (Rice and Koziel, 2015) 
Emitted from loose cannabis or 
through a zip-top bag 
Emitted from fresh cannabis 
through a duffel bag 
benzaldehyde 
myrcene 
decanal 
heptanal 
methyl anthranilate 
octanal 
hexanal 
methylisohexenyl ketone 
linalool 
β-caryophyllene 
α-humelene 
acetic acid 
nonanal 
decanol 
o-cymene 
isobutyraldehyde 
1-chloroacetophenome 
nerol 
propylamine 
o-guaiacol 
linalyl acetate 
methyl anthranilate 
benzaldehyde 
limonene 
 
 
Other monitoring studies have focused on the VOCs emitted from cannabis cultivation as an air 
pollution concern that contributes to ozone formation (Wang et al., 2019; Desert Research 
Institute, 2016). Researchers have called for a full range of studies on the environmental impact 
of cannabis, including on ambient air quality (Ashworth and Vizuete, 2017). 
 
4.6 Uncertainty 
 
 There are substantial uncertainties in the risk assessment of odorants, the greatest being 
how likely it is that the individual odorants monitored actually are the main contributors to the 
overall odor sensed. Missing the key odorants invalidates the study. OPM can help identify key 
odorants that have been compiled into odor wheels (Appendix A). 
 The exposure measurements (or estimates) tend to have less uncertainty than the 
thresholds against which they are evaluated. ODTC50 values typically range over several orders 
of magnitude, and the health hazard thresholds incorporate one-to-three orders of magnitude of 
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uncertainty factors in their extrapolation from animal data. Even under controlled conditions 
using test odorants, panelist threshold testing by dilutions (olfactometry) resulted in 
interlaboratory variation in results up to 4-fold (Stöckel et al., 2018). Accordingly, most risk 
characterizations are crude, screening-level evaluations that require further refinement if 
thresholds are approached by exposure estimates.  
 For the experimental and epidemiology studies, all suffer from the problem of self-
reporting (rather than objective measures) and the inherent variability in human response, which 
clearly varies by sex, age, pre-existing health conditions and prior experiences. Epidemiological 
studies of odor and health have notably weak exposure assessments, and experimental studies 
suffer the lack of standardized exposure methods and difficulty carrying out blinded studies 
(Government of Alberta, 2017). So far, no toxicological study has been able to separate the 
health effects of odors from those of the co-pollutants in the mixture (Schiffman et al., 2005).  
 
4.7 Odor as an Indicator of “Unhealthy” Air and Environmental Injustice 
 
 The health effects reported by residents living near odor sources may be due to odorless 
co-pollutants with odor serving as a marker of exposure (Government of Alberta, 2017). Few 
epidemiology studies, however, look at this possibility. Proximity to an odor source would be a 
determinant; however, residence distance to the source was often a poor predictor of odor-
induced health complaints. The sole experimental study of odor (swine odor) (Schiffman et al., 
2005), which was discussed in Section 4.3, could not separate the effects of odors from those of 
co-pollutants in the mixture.  
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 Risk perception plays a large role in how exposures to odors (and their presumed 
underlying toxic constituents) can lead to annoyance and outrage. Risk perception has been 
defined as how the exposed judge the severity of the risk and involves personal and cultural 
values and attitudes. Different perceptions of risk are applied to involuntary, imposed exposures, 
man-made sources and the unfamiliar. Odors often encompass all three of these factors. 
 Key worries from odor exposures include long-term (chronic) health ailments such as 
asthma or lung cancer (Smethurst, 2011), ability to socialize at one’s own property that is odor-
impacted, and potential decrease in property value (CASA, 2015). These perceived risks likely 
are experienced disproportionately by disadvantaged communities.  
 The air monitoring of the community north of Denver was funded by USEPA as an 
environmental justice study (Morgan et al., 2015), and a community well-being study followed 
shortly thereafter (Eltarkawe and Miller, 2018). Participants took an online survey four times 
over a year. The results at the community level showed that odor-impacted communities had no 
difference in well-being than the control communities. Individual results, however, showed that 
respondents who reported that the air was “very fresh” or “odor is highly acceptable” had higher 
levels of well-being. This finding supports other studies that indicate that unpleasant odors lead 
to annoyance, general psychological stress, and reduced quality of life(Eltarkawe and Miller, 
2018). 
 Researchers in Australia studied environmental justice and odors around Melbourne 
(Gunn et al., 2017). They used a novel cluster approach to represent communities affected by 
odor and concluded that self-reported odor exposure correlated with indicators of socio-
economic disadvantage in the community clusters affected by odor. 
 
 160 
4.8 Research Needs 
 
 Large gaps exist in the dataset used to evaluate the health risks posed by odors. Chief 
among these is the lack of dose-response studies for total odor (mixture) exposure rather than 
just for individual odorants. Only a single experimental study of odor mixture exposure (swine 
odor) and health effects has been conducted (Schiffman et al., 2005). Clearly, more studies are 
needed, especially measuring physiological and psychological responses simultaneously so 
correlations can be determined. Longitudinal “before-and-after” epidemiology studies are needed 
to determine the magnitude of impact of installing an odor-emitting facility near a neighborhood. 
For example, the large health-effects study in California after the natural gas leak in Aliso 
Canyon (Section 4.5) would benefit from pre-leak community health data.  
 To aid exposure assessment, analytical techniques and sampling require improvement. 
For one set of odorants – additives to natural gas to impart odor – broad availability of 
laboratories with the capability to measure sulfur compounds at sufficiently low detection limits 
is both a health and a safety need (Interagency Task Force on Natural Gas Storage Safety, 2016). 
Both short- and long-term health-effect studies of these natural gas additives are also needed. 
  Self-reporting of health symptoms, which is subjective, needs to be replaced with 
objective measure to make scientific progress in odor risk assessment. Suggested objective 
measures (Doty et al., 2004) include: 
• Upper airway irritation: nasal airflow and volume changes, breathing pattern and volume, 
secretion, ciliary beat frequency/clearance, blood flow, epithelium damage, release of 
biochemical mediators 
• Eye irritation: tear-film stability, eye-blink rate, foam in the canthus 
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Respiration changes as well as eye blinking rates are useful indicators of irritation (Walker et al., 
2001). Ultimately, understanding the link between odor exposure, brain activity changes and 
behavioral/physiological responses is required to predict odor impacts on health and well-being 
(Government of Alberta, 2017). 
 In addition to improved analytical techniques, a robust, curated set of ODTC50 values is 
required. A central repository for high-quality ODTC50 values would be a service to the field. 
When risk assessment encounters too much uncertainty in a hazard benchmark, typically when 3 
orders of magnitude are exceeded, it abandons any conclusion about the result. The amount of 
variation near the threshold needs to be studied further to see if this is the case for odor. 
 
5. Conclusions 
 
 Odors add a substantial layer of complexity to traditional human health risk assessment. 
First, they lead to two types of sensory responses – irritation (trigeminal neurons) and smell 
(olfactory neurons) – that are entwined. Together or separately, these senses, when 
overwhelmed, can lead to either transitory (e.g., headache) or more permanent (e.g., cancer) 
health effects. In addition, odorless co-pollutants can contribute to adverse effects, and their 
contribution is difficult to separate from that of the odor. Odors are typically mixtures of 
individual odorants and other airborne compounds, and both odor assessment and conventional 
risk assessment more easily assess single compounds rather than mixtures. 
 The variability in human responses to odors adds a large degree of uncertainty to any 
assessment. As with the human health thresholds derived through dose-response benchmarking 
and extrapolation, the odor detection thresholds often have several orders of magnitude of 
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variability between studies and panels. Odor characteristics (e.g., hedonic tone) and the 
individual’s past experience with the odor, sex, age, culture, mood, personality and health status 
all influence odor perception. Risk characterizations that use such thresholds are crude at best, 
and a portion of the population will continue to sense the odor even below the threshold.  
 Several case studies demonstrate that odor thresholds and health thresholds can be 
applied to odorant exposures to estimate sensory and health effects. How well this odorant-by-
odorant approach addresses the health risks to communities is an area in need of further research 
and objective methods.  
 
References 
 
Abraham, S., 2014. Measurement and Treatment of Nuisance Odors at Wastewater Treatment 
Plants. Doctoral thesis, University of California, Los Angeles. 
Agency for Toxic Substances and Disease Registry (ATSDR), 2017. Are environmental odors 
toxic? February. Atlanta, Georgia. 
Akpan, N., 2016. What a Smell Looks Like: A team studies humans’ use of smell to navigate 
surroundings, with hopes of robot applications. PBS NewsHour. June 16.  
American Industrial Hygiene Association (AIHA), 2013. Odor thresholds for chemicals with 
established occupational health standards, second edition. Murnane, S.S., Lehocky, 
A.H., Owens, P.D. (eds.), Falls Church, Virginia. 
American Public Health Association (APHA), 2012. Method 2710 Flavor profile analysis. 
Standard methods for the examination of water and wastewater, 22nd edition. American 
Public Health Association, American Water Works Association and Water Environment 
Federation, Washington, DC. 
Amoore, J.E. and Hautala, E., 1983. Odor as an aid to chemical safety: odor thresholds compared 
with threshold limit values and volatilities for 214 industrial chemicals in air and water 
dilution. Journal of applied toxicology, 3(6), pp.272-290. 
Andersson, L., Claeson, A.S., Ledin, L., Wisting, F. and Nordin, S., 2013. The influence of 
health-risk perception and distress on reactions to low-level chemical exposure. Frontiers 
in psychology, 4, p.816. 
 163 
Ashworth, K. and Vizuete, W., 2017. High time to assess the environmental impacts of cannabis 
cultivation. Environmental Science and Technology, 51(5), pp.2531-2533. 
ASTM, 2011a. E679-04 Standard practice for determination of odor and taste thresholds by a 
forced-choice ascending concentration series method of limits. West Conshohocken, 
Pennsylvania. 
ASTM, 2011b. E1432-04 Standard practice for defining and calculating individual and group 
sensory thresholds from forced-choice data sets of intermediate size. West 
Conshohocken, Pennsylvania. 
Audouze, K., Tromelin, A., Le Bon, A.M., Belloir, C., Petersen, R.K., Kristiansen, K., Brunak, 
S. and Taboureau, O., 2014. Identification of odorant-receptor interactions by global 
mapping of the human odorome. PLoS One, 9(4), p.e93037. 
Bockreis, A. and Steinberg, I., 2005. Measurement of odour with focus on sampling techniques. 
Waste management, 25(9), pp.859-863. 
Boyle, J.A., Djordjevic, J., Olsson, M.J., Lundström, J.N. and Jones-Gotman, M., 2008. The 
human brain distinguishes between single odorants and binary mixtures. Cerebral Cortex, 
19(1), pp.66-71. 
Brancher, M., Griffiths, K.D., Franco, D. and de Melo Lisboa, H., 2017. A review of odour 
impact criteria in selected countries around the world. Chemosphere, 168, pp.1531-1570. 
Burlingame, G.A. and Doty, R.L., 2018. Important Considerations for Estimating Odor 
Threshold Concentrations of Contaminants Found in Water Supplies. Journal‐American 
Water Works Association, 110(12), pp.E1-E12. 
Byliński, H., Gębicki, J. and Namieśnik, J., 2019. Evaluation of Health Hazard Due to Emission 
of Volatile Organic Compounds from Various Processing Units of Wastewater Treatment 
Plant. International journal of environmental research and public health, 16(10), p.1712. 
Cain, W.S., 1988. Olfaction. Stevens Handbook of Experimental Psychology. Vol. I. Perception 
and Motivation, Rev. Edn.  
CEN (European Committee for Standardization), 2003. EN 13725: Air Quality: Determination of 
Odour Concentration by Dynamic Olfactometry. Brussels, Belgium. 
Clean Air Strategic Alliance (CASA), 2015. Odour and Health Backgrounder. Edmonton, 
Alberta, Canada. 
Collins, J., and Lewis, D., 2000. Hydrogen sulfide: evaluation of current California air quality 
standards with respect to protection of children. Prepared for California Air Resources 
Board, Sacramento, California. 
 164 
Cometto-Muñiz, J.E., Cain, W.S., Abraham, M.H., Sanchez-Moreno, R. and Gil-Lostes, J., 2016. 
13 Nasal Chemosensory Irritation in Humans. Toxicology of the nose and upper airways, 
p.187. 
Corwin, J., Loury, M. and Gilbert, A.N., 1995. Workplace, age, and sex as mediators of olfactory 
function: data from the National Geographic Smell Survey. The Journals of Gerontology 
Series B: Psychological Sciences and Social Sciences, 50(4), pp.P179-P186. 
Curren, J., 2012. Characterization of odor nuisance. Doctoral thesis, University of California, 
Los Angeles. 
Crouch, E.A. and Wilson, R., 1982. Risk/benefit analysis. Ballinger, Cambridge, Massachusetts. 
Czerny, M., Christlbauer, M., Christlbauer, M., Fischer, A., Granvogl, M., Hammer, M., Hartl, 
C., Hernandez, N.M. and Schieberle, P., 2008. Re-investigation on odour thresholds of 
key food aroma compounds and development of an aroma language based on odour 
qualities of defined aqueous odorant solutions. European Food Research and 
Technology, 228(2), pp.265-273. 
Dalton, P., 2000. Psychophysical and behavioral characteristics of olfactory adaptation. 
Chemical senses, 25(4), pp.487-492. 
Dalton, P.H. and Jaen, C., 2010. Responses to odors in occupational environments. Current 
opinion in allergy and clinical immunology, 10(2), pp.127-132. 
Denver Public Health & Environment, 2018. Cannabis environmental best management 
practices guide. October. 
Desert Research Institute, 2016. Emissions of volatile organic compounds from cultivation of 
marijuana (cannabis sativa) for medical purposes. Prepared for Washoe County Air 
Quality Management Division, prepared by McDaniel, M., Samburova, V. And Khlystov, 
A. September 22. 
Department of Toxic Substances Control (DTSC), 2015. Preliminary Endangerment Assessment 
Guidance Manual. California Environmental Protection Agency, Sacramento, California. 
Dick, R.B. and Ahlers, H., 1998. Chemicals in the workplace: incorporating human 
neurobehavioral testing into the regulatory process. American journal of industrial 
medicine, 33(5), pp.439-453. 
Doty, R.L. and Cameron, E.L., 2009. Sex differences and reproductive hormone influences on 
human odor perception. Physiology & behavior, 97(2), pp.213-228. 
Doty, R.L., Applebaum, S., Zusho, H. and Settle, R.G., 1985. Sex differences in odor 
identification ability: a cross-cultural analysis. Neuropsychologia, 23(5), pp.667-672. 
 165 
Doty, R.L., Cometto-Muniz, J.E., Jalowayski, A.A., Dalton, P., Kendal-Reed, M. and Hodgson, 
M., 2004. Assessment of upper respiratory tract and ocular irritative effects of volatile 
chemicals in humans. Critical reviews in toxicology, 34(2), pp.85-142. 
European Chemicals Agency (ECHA), 2019. Guidance on information requirements and 
Chemical Safety Assessment. Available at https://echa.europa.eu/guidance-
documents/guidance-on-information-requirements-and-chemical-safety-assessment 
(accessed February 12, 2019). 
Eltarkawe, M. and Miller, S., 2018. The Impact of Industrial Odors on the Subjective Well-Being 
of Communities in Colorado. International journal of environmental research and public 
health, 15(6), p.1091. 
Ferdenzi, C., Schirmer, A., Roberts, S.C., Delplanque, S., Porcherot, C., Cayeux, I., Velazco, 
M.I., Sander, D., Scherer, K.R. and Grandjean, D., 2011. Affective dimensions of odor 
perception: A comparison between Swiss, British, and Singaporean populations. 
Emotion, 11(5), p.1168. 
Feron, V.J., Arts, J.H.E., Kuper, C.F., Slootweg, P.J. and Woutersen, R.A., 2001. Health risks 
associated with inhaled nasal toxicants. Critical reviews in toxicology, 31(3), pp.313-347. 
Fisher, R.M., Alvarez-Gaitan, J.P. and Stuetz, R.M., 2019. Review of the effects of wastewater 
biosolids stabilization processes on odor emissions. Critical Reviews in Environmental 
Science and Technology, pp.1-72. 
Gaffney, S.H. and Paustenbach, D.J., 2007. A proposed approach for setting occupational 
exposure limits for sensory irritants based on chemosensory models. Annals of 
occupational hygiene, 51(4), pp.345-356. 
Gane, S., 2010. What we don't know about olfaction Part 1: from nostril to receptor. Rhinology, 
48, pp.131-138.  
Government of Alberta, 2017. Odours and Human Health. Environmental Public Health Science 
Unit, Health Protection Branch, Public Health and Compliance Division, Alberta Health. 
Edmonton, Alberta, Canada. 
Grabenhorst, F., Rolls, E.T., Margot, C., da Silva, M.A. and Velazco, M.I., 2007. How pleasant 
and unpleasant stimuli combine in different brain regions: odor mixtures. Journal of 
Neuroscience, 27(49), pp.13532-13540. 
Greenberg, M.I., Curtis, J.A. and Vearrier, D., 2013. The perception of odor is not a surrogate 
marker for chemical exposure: a review of factors influencing human odor perception. 
Clinical toxicology, 51(2), pp.70-76. 
Guillot, J.M., Bilsen, I., Both, R., Hangartner, M., Kost, W.J., Kunz, W., Nicolas, J., Oxbol, A., 
Secanella, J., Van Belois, H. and Van Elst, T., 2012. The future European standard to 
determine odour in ambient air by using field inspection. Water Science and Technology, 
66(8), pp.1691-1698. 
 166 
Gunn, L.D., Greenham, B., Davern, M., Mavoa, S., Taylor, E.J. and Bannister, M., 2017. 
Environmental justice in Australia: Measuring the relationship between industrial odour 
exposure and community disadvantage. In Community quality-of-life indicators: Best 
cases VII (pp. 113-133). Springer, Cham. 
Hoffman, H.J., Rawal, S., Li, C.M. and Duffy, V.B., 2016. New chemosensory component in the 
US National Health and Nutrition Examination Survey (NHANES): first-year results for 
measured olfactory dysfunction. Reviews in Endocrine and Metabolic Disorders, 17(2), 
pp.221-240. 
Hodgson, R.T., 2008. An examination of judge reliability at a major US wine competition. 
Journal of Wine Economics, 3(2), pp.105-113. 
Interagency Task Force on Natural Gas Storage Safety, 2016. Ensuring safe and reliable 
underground natural gas storage. Final report. 
Jacobs, L.F., 2019. The navigational nose: a new hypothesis for the function of the human 
external pyramid. Journal of Experimental Biology, 222(Suppl 1), p.jeb186924. 
Jaremków, A., Szałata, Ł., Kołwzan, B., Sówka, I., Zwoździak, J. and Pawlas, K., 2017. Impact 
of a Sewage Treatment Plant on Health of Local Residents: Gastrointestinal System 
Symptoms. Polish Journal of Environmental Studies, 26(1). 
Johnson, B.N., Russell, C., Khan, R.M. and Sobel, N., 2006. A comparison of methods for sniff 
measurement concurrent with olfactory tasks in humans. Chemical senses, 31(9), pp.795-
806. 
Keller, A. and Vosshall, L.B., 2004. Human olfactory psychophysics. Current Biology, 14(20), 
pp.R875-R878.  
Keller, A., Gerkin, R.C., Guan, Y., Dhurandhar, A., Turu, G., Szalai, B., Mainland, J.D., Ihara, 
Y., Yu, C.W., Wolfinger, R. and Vens, C., 2017. Predicting human olfactory perception 
from chemical features of odor molecules. Science, 355(6327), pp.820-826. 
Kemp, S.E., Hollowood, T. and Hort, J., 2011. Sensory evaluation: a practical handbook. John 
Wiley & Sons. 
Koskinen, K., Reichert, J.L., Hoier, S., Schachenreiter, J., Duller, S., Moissl-Eichinger, C. and 
Schöpf, V., 2018. The nasal microbiome mirrors and potentially shapes olfactory 
function. Scientific reports, 8(1), p.1296. 
Laing, D.G. and Francis, G.W., 1989. The capacity of humans to identify odors in mixtures. 
Physiology & behavior, 46(5), pp.809-814. 
Laska, M. and Hudson, R., 1991. A comparison of the detection thresholds of odour mixtures 
and their components. Chemical Senses, 16(6), pp.651-662. 
 167 
 Lebrero, R., Bouchy, L., Stuetz, R. and Muñoz, R., 2011. Odor assessment and management in 
wastewater treatment plants: a review. Critical Reviews in Environmental Science and 
Technology, 41(10), pp.915-950. 
Leung, H.-W., 2002. Methods for setting occupational exposure limits, in: Paustenbach, E.J. ed., 
Human and ecological risk assessment: theory and practice. John Wiley & Sons. pp.647-
671. 
Livermore, A. and Laing, D.G., 1998. The influence of odor type on the discrimination and 
identification of odorants in multicomponent odor mixtures. Physiology & behavior, 
65(2), pp.311-320. 
Malnic, B., Hirono, J., Sato, T. and Buck, L.B., 1999. Combinatorial receptor codes for odors. 
Cell, 96(5), pp.713-723. 
Marine Research Specialists, 2014. E&B oil drilling & production project: final Environmental 
Impact Report. Prepared for the City of Hermosa Beach, California. 
McCallum, L.C., Souweine, K., McDaniel, M., Koppe, B., McFarland, C., Butler, K. and Ollson, 
C.A., 2016. Health Impact Assessment of an oil drilling project in California. 
International journal of occupational medicine and environmental health, 29(2), p.229. 
Morgan, B., Hansgen, R., Hawthorne, W. and Miller, S.L., 2015. Industrial odor sources and air 
pollutant concentrations in Globeville, a Denver, Colorado neighborhood. Journal of the 
Air & Waste Management Association, 65(9), pp.1127-1140. 
Nagata, Y. and Takeuchi, N., 2003. Measurement of odor threshold by triangle odor bag method. 
Odor measurement review, pp.118-127. 
Nagata, H., Dalton, P., Doolittle, N. and Breslin, P.A., 2005. Psychophysical isolation of the 
modality responsible for detecting multimodal stimuli: a chemosensory example. Journal 
of Experimental Psychology: Human Perception and Performance, 31(1), p.101. 
National Research Council (NRC), 1979. Odors from stationary and mobile sources. In Odors 
from stationary and mobile sources. National Academies of Sciences. 
NRC, 1983. Risk Assessment in the federal government: managing the process. Washington, DC: 
The National Academies Press. 
NRC, 2007. Toxicity Testing in the 21st Century: A Vision and a Strategy. Washington, DC: The 
National Academies Press.  
NRC, 2009. Science and decisions: advancing risk assessment. Washington, DC: The National 
Academies Press. 
NRC, 2012. Exposure Science in the 21st Century: A Vision and a Strategy. Washington, DC: 
The National Academies Press.  
 168 
NRC, 2017. Using 21st Century Science to Improve Risk-Related Evaluations. Washington, DC: 
The National Academies Press. 
Nielsen, G.D., Wolkoff, P. and Alarie, Y., 2007. Sensory irritation: risk assessment approaches. 
Regulatory Toxicology and Pharmacology, 48(1), pp.6-18. 
Nordin, S., Aldrin, L., Claeson, A.S. and Andersson, L., 2017. Effects of negative affectivity and 
odor valence on chemosensory and symptom perception and perceived ability to focus on 
a cognitive task. Perception, 46(3-4), pp.431-446. 
NVN, 2005. 2818:2005 Odor quality - Sensory determination of the hedonic tone of an odour 
using an olfactometer. Netherlands.  
Office of Environmental Health Hazard Assessment (OEHHA), 2014. Appendix D: Individual 
acute, 8-hour, and chronic Reference Exposure Level summaries. Technical support 
document for noncancer Reference Exposure Levels. Sacramento, California. December 
2008, updated July 2014.  
OEHHA, 2016. OEHHA Acute, 8-hour and Chronic Reference Exposure Level (REL) Summary. 
Sacramento, California. 
Oiamo, T.H., Luginaah, I.N. and Baxter, J., 2015. Cumulative effects of noise and odour 
annoyances on environmental and health related quality of life. Social Science & 
Medicine, 146, pp.191-203. 
Ömür-Özbek, P., Gallagher, D.L. and Dietrich, A.M., 2010. Determining human exposure and 
sensory detection of odorous compounds released during showering. Environmental 
science & technology, 45(2), pp.468-473. 
Patton, S. and Josephson, D.V., 1957. A method for determining significance of volatile flavor 
compounds in foods. Journal of Food Science, 22(3), pp.316-318. 
Peters, G.M., Murphy, K.R., Adamsen, A.P.S., Bruun, S., Svanström, M. and ten Hoeve, M., 
2014. Improving odour assessment in LCA—the odour footprint. The International 
Journal of Life Cycle Assessment, 19(11), pp.1891-1900. 
Paustenbach, D.J., 2002a. Primer on human and environmental risk assessment, pp. 3-83 in: 
Paustenbach, D.J., Human and ecological risk assessment: theory and practice, John 
Wiley & Sons, Inc., New York. 
Paustenbach, D.J., 2002b. Exposure assessment, pp.189-291 in: Paustenbach, D.J., Human and 
ecological risk assessment: theory and practice, John Wiley & Sons, Inc., New York. 
Rawls, M. and Ellis, A.K., 2019. The microbiome of the nose. Annals of Allergy, Asthma & 
Immunology, 122(1), pp.17-24. 
 169 
Rawson, N.E., Gomez, G., Cowart, B., Brand, J.G., Lowry, L.D., Pribitkin, E.A. and Restrepo, 
D., 1997. Selectivity and response characteristics of human olfactory neurons. Journal of 
neurophysiology, 77(3), pp.1606-1613. 
Rice, S. and Koziel, J.A., 2015. Characterizing the smell of marijuana by odor impact of volatile 
compounds: an application of simultaneous chemical and sensory analysis. PLoS One, 
10(12), p.e0144160. 
Rinaldi, A., 2007. The scent of life: The exquisite complexity of the sense of smell in animals 
and humans. EMBO reports, 8(7), pp.629-633. 
RIVM (National Institute for Public Health and the Environment), 2009. Assessment of odour 
annoyance in chemical emergency management. Bilthoven, Netherlands. 
Rosenfeld, P.E., Clark, J.J.J., Hensley, A.R. and Suffet, I.H., 2007. The use of an odour wheel 
classification for the evaluation of human health risk criteria for compost facilities. Water 
science and technology, 55(5), pp.345-357. 
Ruth, J.H., 1986. Odor thresholds and irritation levels of several chemical substances: a review. 
American Industrial Hygiene Association Journal, 47(3), pp.A-142. 
Sala, C., Busto, O., Guasch, J. and Zamora, F., 2004. Factors affecting the presence of 3-alkyl-2-
methoxypyrazines in grapes and wines. A review. Journal of Agricultural & Food 
Chemistry, 55(2), pp.153-159. 
Schiffman, S.S., 1998. Livestock odors: implications for human health and well-being. Journal 
of Animal Science, 76(5), pp.1343-1355. 
Schiffman, S.S. and Williams, C.M., 2005. Science of odor as a potential health issue. Journal of 
Environmental Quality, 34(1), pp.129-138. 
Schiffman, S.S., Walker, J.M., Dalton, P., Lorig, T.S., Raymer, J.H., Shusterman, D. and 
Williams, C.M., 2000. Potential health effects of odor from animal operations, 
wastewater treatment, and recycling of byproducts. Journal of Agromedicine, 7(1), pp.7-
81. 
Schiffman, S.S., Studwell, C.E., Landerman, L.R., Berman, K. and Sundy, J.S., 2005. 
Symptomatic effects of exposure to diluted air sampled from a swine confinement 
atmosphere on healthy human subjects. Environmental health perspectives, 113(5), 
pp.567-576. 
Shusterman, D., 1992. Critical review: the health significance of environmental odor pollution. 
Archives of Environmental Health: An International Journal, 47(1), pp.76-87. 
Shusterman, D., 2001. Odor-associated health complaints: competing explanatory models. 
Chemical senses, 26(3), pp.339-343. 
 170 
Shusterman, D., Lipscomb, J., Neutra, R. and Satin, K., 1991. Symptom prevalence and odor-
worry interaction near hazardous waste sites. Environmental Health Perspectives, 94, 
pp.25-30. 
Simonton, D.S. and Spears, M., 2007. Human health effects from exposure to low-level 
concentrations of hydrogen sulfide. Occupational health & safety (Waco, Tex.), 76(10), 
pp.102-104. 
Sivret, E.C., Wang, B., Parcsi, G., Stuetz, R.M., 2016. Prioritisation of odorants emitted from 
sewers using odour activity values. Water Research 88, pp.308-321. 
Small, D.M., Gerber, J.C., Mak, Y.E. and Hummel, T., 2005. Differential neural responses 
evoked by orthonasal versus retronasal odorant perception in humans. Neuron, 47(4), 
pp.593-605. 
Smethurst, H., 2011. Improving the assessment and management of the health aspects of odour 
exposure. Doctoral thesis, University of Surry. 
South Coast Air Quality Management District (SCAWMD), 2018a. FAQ: SCAQMD Coastal 
Offshore Odor investigation and summary of health effects of pollutants measured in the 
air samples. Diamond Bar, California. 
SCAQMD, 2018b. Aliso Canyon natural gas leak: air monitoring results. Final report. Diamond 
Bar, California. 
Starr, C., 1985. Risk management, assessment, and acceptability. Risk Analysis, 5(2), pp.97-102. 
Stöckel, S., Cordes, J., Stoffels, B. and Wildanger, D., 2018. Scents in the stack: olfactometric 
proficiency testing with an emission simulation apparatus. Environmental Science and 
Pollution Research, 25(25), pp.24787-24797. 
Stocking, A.J., Suffet, I.H., McGuire, M.J. and Kavanaugh, M.C., 2001. Implications of an 
MTBE odor study for setting drinking water standards. Journal‐American Water Works 
Association, 93(3), pp.95-105. 
Sucker, K., Both, R. and Winneke, G., 2009. Review of adverse health effects of odours in field 
studies. Water Science and Technology, 59(7), pp.1281-1289. 
Tengs, T.O., Adams, M.E., Pliskin, J.S., Safran, D.G., Siegel, J.E., Weinstein, M.C. and Graham, 
J.D., 1995. Five‐hundred life‐saving interventions and their cost‐effectiveness. Risk 
analysis, 15(3), pp.369-390. 
Texas Commission on Environmental Quality, 2015. Approaches to derive odor-based values. 
Position paper, Toxicology Division, Austin, Texas. 
Travis, C.C., Richter, S.A., Crouch, E.A., Wilson, R. and Klema, E.D., 1987. Cancer risk 
management a review of 132 federal regulatory decisions. Environmental science & 
technology, 21(5), pp.415-420. 
 171 
U.S. Environmental Protection Agency (USEPA), 1992. Reference guide to odor thresholds for 
hazardous air pollutants listed in the Clean Air Act Amendments of 1990. Office of 
Research and Development, Washington, DC. 
USEPA, 2011. Exposure Factors Handbook: 2011 Edition. Washington, DC, EPA/600/R-
09/052F. 
USEPA, 2012. Standard Operating Procedures for Residential Pesticide Exposure Assessment. 
Office of Pesticide Programs, Washington, DC.  
USEPA, 2019. Superfund Risk Assessment. Available at https://www.epa.gov/risk/superfund-
risk-assessment (accessed February 12, 2019). 
van Gemert, L.J., 2003. Odour Thresholds: Compilations of Odour Threshold Values in Air, 
Water and Other Media. Oliemans Punter & Partners, Netherlands.  
van Gemert, L.J., 2011. Odour thresholds: compilations of odour threshold values in air, water 
and other media (second enlarged and revised edition). Oliemans Punter & Partners, 
Netherlands. 
Van Harreveld, A.P., 2001. From odorant formation to odour nuisance: new definitions for 
discussing a complex process. Water Science and Technology, 44(9), pp.9-15. 
Van Harreveld, A.P., Mannebeck, D. and Maxeiner, B., 2009. Proficiency testing as the key 
element in implementing EN13275 olfactometry. Water Science and Technology, 59(8), 
pp.1649-1655. 
Walker, J.C., Kendal-Reed, M., Utell, M.J. and Cain, W.S., 2001. Human breathing and eye 
blink rate responses to airborne chemicals. Environmental health perspectives, 109(suppl 
4), pp.507-512. 
Wang, L., Walker, V.E., Sardi, H., Fraser, C. and Jacob, T.J., 2002. The correlation between 
physiological and psychological responses to odour stimulation in human subjects. 
Clinical Neurophysiology, 113(4), pp.542-551. 
Wang, T., Moschandreas, D.J., Sattayatewa, C., Venkatesan, D., Noll, K.E. and Pagilla, K.R., 
2013. A methodological approach for assessing indoor occupational risk from odor 
perception. Journal of Risk Research, 16(1), pp.51-67. 
Wang, C.T., Wiedinmyer, C., Ashworth, K., Harley, P.C., Ortega, J. and Vizuete, W., 2019. Leaf 
enclosure measurements for determining volatile organic compound emission capacity 
from Cannabis spp. Atmospheric Environment, 199, pp.80-87. 
Wilson, D.A., 2009. Olfaction as a model system for the neurobiology of mammalian short-term 
habituation. Neurobiology of learning and memory, 92(2), pp.199-205. 
World Health Organization (WHO), 1946. Preamble to the Constitution of the World Health 
Organization as adopted by the International Health Conference, New York, 19-22 June, 
 172 
1946; signed on 22 July 1946 by the representatives of 61 States (Official Records of the 
World Health Organization, no. 2, p. 100) and entered into force on 7 April 1948. 
International Health Conference, New York. 
World Health Organization (WHO), 2000. Air quality guidelines for Europe, 2nd Ed. 
Copenhagen, Denmark.  
Wu, C., Liu, J., Liu, S., Li, W., Yan, L., Shu, M., Zhao, P., Zhou, P. and Cao, W., 2018. 
Assessment of the health risks and odor concentration of volatile compounds from a 
municipal solid waste landfill in China. Chemosphere, 202, pp.1-8. 
Young, W.F., Horth, H., Crane, R., Ogden, T. and Arnott, M., 1996. Taste and odour threshold 
concentrations of potential potable water contaminants. Water Research, 30(2), pp.331-
340. 
Zhou, Y., 2017. The identification, analysis, and treatment of odor nuisance released from 
wastewater treatment plants. Doctoral thesis, University of California, Los Angeles. 
Zhou, Y., Hallis, S.A., Vitko, T. and Suffet, I.H., 2016. Identification, quantification and 
treatment of fecal odors released into the air at two wastewater treatment plants. Journal 
of environmental management, 180, pp.257-263. 
Ziem, G.E. and Davidoff, L.L., 1992. Illness from chemical “odors”: Is the health significance 
understood?. Archives of Environmental Health: An International Journal, 47(1), pp.88-
91. 
Zufall, F. and Munger, S.D. eds., 2016. Chemosensory transduction: the detection of odors, 
tastes, and other chemostimuli. Academic Press. 
  
 173 
CHAPTER 5: Conclusions of the Dissertation 
 
Measurements of odors are hampered by the intermittent nature of most sources and 
instrumentation. This often leaves the investigator with no option but to trust the complainant 
and try, if possible, to verify the complaint using their own sense of smell. Harmonization of 
efforts could lead to increasing ease and more affordable implementation (Brancher et al., 2017). 
Increasing public concern over the impacts of odors, including on their health and property 
value, plus the advances in odor measurement technology are bound to lead to increased scrutiny 
and more stringent limits (Mahin, 2001; Nicell, 2009). 
 To assess exposure to environmental odors, a range of instrument and sensory techniques 
are available, from sensors to questionnaires, yet no standard approach is followed. Population-
based metrics of odor, such as through odor diaries and visiting grid points multiple times a year 
to assess an odor, are used increasingly. More sophisticated analytical techniques are used as 
well, even with the goal of mimicking the human sense of smell (e-nose). The best advice from 
multiple reviews is that a mix of techniques is required to address nuisance odor complaints. 
 Odors add a substantial layer of complexity to conventional human health risk 
assessment. Two entwined senses, irritation and olfaction, are involved, and their triggering by 
environmental odors can lead to either transitory or more permanent health effects. In addition, 
odorless co-pollutants can contribute to adverse effects, and their contribution is difficult to 
separate from that of the odor. The variability in human responses to odors adds a large degree of 
uncertainty to any assessment. Nonetheless, several case studies demonstrate that odor thresholds 
and health thresholds can be applied to odorants to estimate sensory and health effects. How well 
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this odorant-by-odorant approach addresses the health risks to communities is an area in need of 
further research and objective methods. 
 To assist odor inspections and advance the field of environmental odor exposure and 
health risk assessment, additional research is needed in both the fundamental and practical 
aspects. The challenge of mixtures is pervasive within environmental odor research. 
Odor inspection and regulation 
• Better designed annoyance surveys of affected populations, especially capturing the 
breadth of impacts and variability in receptors. (Lebrero et al., 2011; Hayes et al., 2014) 
• More robust instrumentation that can detect odors analytically. (Lebrero et al., 2011; 
Muñoz et al., 2010) 
• Development of odor-concentration-nuisance maps, similar to noise maps required by 
some jurisdictions, which would allow improved odor regulation, response and urban 
planning. 
Exposure assessment 
• Develop standard methods for environmental odor monitoring in ambient air, combining 
both sensory and analytical methods. 
• Increased attention on the actual, total odor rather than individual odorants or dilutions.  
• Investigating and eventually being able to predict the synergistic, antagonistic, or 
masking interactions among odorants is especially important. Temperature and humidity 
effects are also a challenge requiring more research. 
• Increased use and validation of advanced analytical techniques, such as SIFT-MS and 
emerging electronic noses. 
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• Population dose-response measurements based on field studies are needed to build a 
fundamental knowledge base. Measures of “population annoyance” need to be developed. 
Health risk assessment 
• More studies like the single experimental study of swine odor (Schiffman et al., 2005) 
that evaluate response to actual odors. Both physiological and psychological responses 
need to be measured simultaneously so correlations can be determined. 
• Longitudinal “before-and-after” epidemiology studies are needed to determine the 
magnitude of impact of installing an odor-emitting facility near a neighborhood. For 
example, the large health-effects study in California after the natural gas leak in Aliso 
Canyon would benefit from pre-leak community health data. 
• Research into the objective measures of health symptoms from odor exposure, such as 
irritation (e.g., respiratory airflow changes, eye blink rate), stress hormones and brain 
activity imaging. 
• To aid research into individual odorants, a robust, curated set of ODTC50 values is 
required. A central repository for high-quality ODTC50 values would be a service to the 
field. 
 For complex or unresolved odor exposures, sensory methods such as the Odor Profile 
Method have identified culprit odorants using an odor wheel, panel assessment of the intensity of 
the odor, and location information to identify the odor source. Confirmation is provided by 
analytical techniques, such as gas chromatography with a sensory port and parallel mass 
spectrometry. The promise of electronic noses that mimic the human sense of smell remains 
allusive, often failing to perform as well in the field as in the laboratory. The current path 
forward for environmental odor exposure assessment includes population-based metrics of odor, 
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such as odor diaries and plume monitoring by panels, confirmed by modern analytical 
techniques. 
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APPENDIX A 
 
Odor Notes and Associated Odorants Drawn as Circular Tables (Odor Wheels) 
 
 
 
Figure A.1 Wastewater odor wheel (Burlingame et al., 2004) 
Figure A.2 Compost odor wheel (Suffet et al., 2009; Rosenfeld and Suffet, 2003) 
Figure A.3 Urban odor wheel (Curren, 2012) 
Figure A.4 Industrial odor wheel (Curren, 2012) 
Figure A.5 Refinery odor wheel (Curren, 2012) 
Figure A.6 Foundry odor wheel (Curren, 2012) 
Figure A.7 Landfill odor wheel (Decottignies et al., 2009) 
Figure A.8 Biosolids processing odor wheel (Fisher et al., 2018) 
Figure A.9 Odor wheel (ATSDR, 2016) 
Figure A.10 Odor wheel (Metro Vancouver, 2019) 
 
Reference is included with each figure. 
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Figure A.1 Wastewater odor wheel (Burlingame et al., 2004) 
 
Burlingame, G.A., Suffet, I.H., Khiari, D. and Bruchet, A.L., 2004. Development of an odor 
wheel classification scheme for wastewater. Water Science and Technology, 49(9), 
pp.201-209. 
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Figure A.2 Compost odor wheel (Suffet et al., 2009; Rosenfeld and Suffet, 2003) 
 
Suffet, I.H., Decottignies, V., Senante, E. and Bruchet, A., 2009. Sensory assessment and 
characterization of odor nuisance emissions during the composting of wastewater 
biosolids. Water Environment Research, 81(7), pp.670-679. 
Rosenfeld, P., Suffet, I.H., 2003. The first step to odor management is identifying the compounds 
that cause odors: development of an odor wheel that characterizes the smells and 
associated compounds. Proceedings of the BioCycle West Coast Conference –  
Composting, organics recycling and bioenergy: new realities, new opportunities. Los 
Angeles, California, March 4. JG Press, Emmaus, Pennsylvania. 
 
 
Figure 4. The Urban Odor Wheel  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The Compost Odor Wheel  
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Figure A.3 Urban odor wheel (Curren, 2012) 
 
Curren, J., 2012. Characterization of odor nuisance. Doctoral thesis, University of California, 
Los Angeles. 
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Figure A.4 Industrial odor wheel (Curren, 2012) 
 
Curren, J., 2012. Characterization of odor nuisance. Doctoral thesis, University of California, 
Los Angeles. 
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Figure A.5 Refinery odor wheel (Curren, 2012) 
 
Curren, J., 2012. Characterization of odor nuisance. Doctoral thesis, University of California, 
Los Angeles. 
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Figure A.6 Foundry odor wheel (Curren, 2012) 
 
Curren, J., 2012. Characterization of odor nuisance. Doctoral thesis, University of California, 
Los Angeles. 
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Figure A.7 Landfill odor wheel (Decottignies et al., 2009) 
 
Decottignies, V., Bruchet, A. and Suffet, I.H., 2009, October. Landfill odour wheel: a new 
approach to characterize odour emissions at landfill sites. In 12th International Waste 
Management and Landfill Symposium (International Waste Working Group, IWWG). 
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Figure A.8 Biosolids processing odor wheel (Fisher et al., 2018) 
 
Fisher, R.M., Barczak, R.J., Hayes, J.E. and Stuetz, R.M., 2018. Framework for the use of odour 
wheels to manage odours throughout wastewater biosolids processing. Science of the 
Total Environment, 634, pp.214-223. 
  
2.3.2. Olfactory analysis for odorant identiﬁcation
Odour events detected by the ODP assessors were linked to odor-
ants by comparing the retention time and characters of the odour
with the chromatogram output of the MS. Many of the sulfur com-
pounds were not effectively quantiﬁed using sorbent tubes and the
MS. Therefore, the odour events, were also compared to the chro-
matogram from the TD-GC-SCD, which used the same type of GC col-
umn (Fig. S2.).
The modiﬁed frequency (MF) method was used to identify and
group key odour events, based on their average intensity and detection
frequency (Brattoli et al., 2013):Where
MF ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
No:of detection events
Total no of samples
" #
" Average Intensity
4 scale rangeð Þ
" #s
To reduce noise, odour events were excluded where only one
observation with a low intensity was recorded. The MF histo-
grams for the odour events detected along the chromatogram
are shown in Fig. S3a and Fig. S3b for Sites 4–6 and Sites 3R, 7
and 8, respectively.
3. Results and discussion
3.1. Compounds emitted throughout biosolids processing and associated
odour thresholds
Odorants detected in emissions throughout the biosolids processing
are shown in Table 1, along with their method of identiﬁcation. Odor-
ants identiﬁed using the GC–MS/O olfactory methods were included if
assessors detected frequently or at high intensities as judged by their
MF (Table S2). Compounds identiﬁed using the Jerome 631-X, GC-
SCD/NCD or GC–MS systems were judged as odorants if their OAV N
0.1 (Table S3).
VSCs such as H2S, methyl mercaptan, dimethyl sulﬁde, and dimethyl
trisulﬁde were detected most frequently throughout the WWTPs, pro-
duced the highest OAVs (Table S3) and were identiﬁed using both
Fig. 1.Biosolids processingOdourWheel, based on odorants andodours emitted throughout biosolids processing at 8WWTPs (data shown in Table 1). Odour characters from the literature
(Table 1) and common ODP assessors descriptors (*) are indicated. Note: The relative dimensions of the primary odour sectors do not imply the importance of the odorants. p-Cresol is
commonly described as having a ‘medicinal’ type odour, however in this paper ODP assesors reported a ‘urine or piggery’ odour. Therefore, its inclusion in the Faecal/manure category
would depend on assessor perception and context.
218 R.M. Fisher et al. / Science of the Total Environment 634 (2018) 214–223
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Figure A.9 Odor wheel (ATSDR, 2016) 
 
ATSDR, 2016. Community member assessment of environmental odors. Atlanta, Georgia. 
 
 
  
 
FIDO Steps (frequency, intensity, duration, and offensiveness) 
1. How offensive is the environmental odor? 
a. Find more specific odors in the outer circle below. 
b. Find the general type of odor in the inner circle. 
c. Find the environmental odor or type of odor in the lists below to determine how 
offensive the odor is. 
 
 
 
 
 
 
 
 
 
 
3 
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Figure A.10 Odor wheel (Metro Vancouver, 2019) 
 
Metro Vancouver, 2019. Tips on making an odour complaint. Available at 
http://www.metrovancouver.org/services/Permits-regulations-enforcement/air-quality/air-
quality-complaints/complaint-tips/Pages/default.aspx (accessed April 28, 2019) 
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APPENDIX B 
 
Bibliography of Guidance Documents and Standard Methods  
for Environmental Odor Exposure Assessment 
 
 
1. United States 
2. Canada 
3. European Union 
4. Australia 
5. New Zealand 
6. Japan 
7. International Organizations 
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